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Parts o f the research described in this thesis have appeared in the 
scientific literature as follows: 1
1. E nzym atic  R esolu tion  o f  a C hira l O rganom eta llic  Ester: 
E n a n tio s e le c tiv e  H y d ro ly s is  o f  2 -E th o x y c a rb o n y lb u ta - l ,3 -  
die ne tricarbonyl iron by Pig L iver Esterase.
Alcock, N.W., Crout, D.H.G., Henderson. C.M., Thomas, S.E., J. Chem. 
Soc., Chem. Commun. 1988, 746-747.
S u m m a r y
T he aim  o f Ihis th esis  was to  resolve pvlly a racem ic o rganom ctallic  
com plex , using a h y ^ a j jy jc  enzym e as the reso lv ing  agent. This was to 
dem onstrate the vast ^substrate* biooifaUj** will woef i n S*t fo '  ^jfovTde a
unique exam ple o f an enzym e recognising and d iffe ren tia tin g  betw een the 
tw o enantiom ers o f  a m olecule show ing planar ch ira lity . 
Iro n tr ic a rb o n y l-p ro te c te d  2 .4 -d ien e s  w ere chosen  as the in itia l ta rge t 
m olecules. M ethyl sorbatc irontricarbonyl was found not to  be a substrate 
fo r PLE. neither in aqueous nor in organic m ed ia . Irontricarbonyl (2,4- 
h ex ad ien -l-o l) acetate was shown to  be a substrate  for both esterases and 
lipases. The b iocata lyst m ost effec tive ly  ca talysing th is  hydrolysis in term s 
o f  rate and enantioselectivity  was PPL, which gave a maximum of 43%  e.e. 
w hen the reaction  was conducted  in an aqueous envirt!j[ncnt o f pH 7 
con ta in ing  10% M eO H. 2 -C arboethoxy-1,3-buladiene irontricarbonyl and its 
correspond ing  aceta te  derivative w ere both found to  be su itab le enzym e 
s u b s tra te s .  2 - A cctox jjJn f*} -bu tad iene  i ro n tr ic a rb o n y l  w as s e le c t iv e ly
hydrolysed to give the deprotected alcohol in a m axim um  o f 40%  e.e. This 
w as achieved using the lipase A sp e rg il lu s  n ig er  as the biocatalysl in an
aqueous media o f pH 7. The e.e. was determined by 31 p  nm r spectroscopy of 
a phospholane derivative o f the optically  active a lcoho l. 2-C arboelhoxy- 1.3- 
bu tad iene iron tricarbony l was se lec tiv e ly  hydro lysed  by PLE in aqueous
m edia o f pH 7 containing 20% MeOH to give the corresponding acid in 83% 
e .e . O ptically  ac tive 2 -carb o x y -l,3 -b u tad icn e  iron trica rbony l was upon one 
rccrystallisation  gained  in 100% e.e. The e.e . w as verified  by * H mnr 
spectroscopy o f an am ide deriva tive  o f  the o p tica lly  pure acid, and its 
absolu te configuration was determ ined by X-Ray s tru c tu re  analysis and by 
com parison o f  its cd.
T h e  second ty p e  o f  o rg a n o m e ta llic  com plexes screen e d  fo r enzym e-
su b stra te  fe a s ib ility  w ere the fe rrocenes. l .l '-F e rro c e n e d ic a rb o x y lic  acid 
dim ethyl ester was shown to be a very non-ideal substra te , giving a mixture 
o f  m o n o - an d  d i - a c id s  a s  th e  r e a c t i o n  p r o d u c ts .  a  •
M clhylfcrroccnccarboxylic  acid m ethyl es ter was n o t an enzym e substrate
in e ith er aqueous n o r organic m edia, a - M c th y l f e r r o c e n e m e th y l  a c e ta te  
dec o m p o se d  in aq u e o u s  c o n d it io n s  to  g iv e  th e  c o rre sp o n d in g  a -  
m ethylferrocenem ethyl ca tion , yet in organic m edia was proved to be an 
adequate lipase substrate .
S tudies o f the com parative rates and se lec tiv ities o f  lipases e ither free in 
reaction  m edia o r im m obilised on B iofix were c a rrie d  out fo r the lipase- 
ca talysed  transeste rifica tion  o f  a -m e th y lfe rro c e n e m e th y l b u ty ra te  w ith  1- 
heptanol in iso-octane at 4 0 ° C. This showed that the rate o f reaction and 
selec tiv ity  o f  the lipase varied dram atically  as to w hich  condition was used. 
In the case o f both A. n iger  and R. ja v a n ic u s , the lipase free in solution 
rem ained inactive w hereas the lipase im m obilised on  B iofix ca talysed  the 
reaction  rapidly and non-selectively. F o r PPL, the ac t o f im m obilising the 
lipase on Biofix reversed its enantiose lectiv ity . T he exception  to th is was 
C C L , which free in solution gave the highest e .e . o f  30%. T he e .e . was 
determ ined by 1 H nm r spectroscopy o f  a - m e th y lf e r r o c e n e m e th y l a ld e h y d e  
in  the p resen ce  o f  ch ira l so lv a tin g  agent 2 ,2 ,2 - tr if lu o ro - l- (9 -a n th ry l)  
e th a n o l .
I n t r o d u c t i o n
This thesis is divided into four main parts.
1. The first part, the Introduction, provides a general description 
of the use and versatility of enzymes in organic synthesis. It gives 
a de ta iled  l i te ra tu re  review  o f the p u b lish e d  sy n th eses , 
reso lu tio n s  and ch iro p tica l p ro p erties  o f  o p tica lly  ac tiv e  
irontricarbonyl and ferrocene derivatives.
2. The second part gives an account of the reactions of hydrolytic 
enzymes with irontricarbonyl com plexes.
3 . The third part gives an account o f the reactions of hydrolytic 
enzym es with ferrocene derivatives.
4. The fourth part gives the experimental conditions in detail of 
parts 3 and 4.
F a r t  1 Some uses of enzymes in o rg an ic  synthesis
The application o f enzym es in organic syn thesis  to  replace 
conventional chem ical reagents is beginning to be widely and 
successfu lly  re a lise d 1«2 . The word "B iotransform ation" has been 
coined to encompass all such reactions.
The use and application of biotransformations in organic synthesis 
fall into four d istinct categories.
1. T he p reparation  o f  en an tiom erically  pure com pounds, 
( e .p .c .s )
2. The carrying out o f  rem ote functionalisations.
3 . For reg ioselec tive reactions.
4. T h e  c a r r y in g  o u t o f  r e a c t io n s  u n d e r  v e ry  m ild
c o n d i t i o n s .
There are  six  classes of enzym es: the o x ido reductases , the 
transferases, the hydrolases, the lyases, the isom erases and the 
ligases; which carry  betw een them  the po ten tia l to  ca ta ly se
virtually all reactions of interest to the modern synthetic organic 
chem ist. They can provide alternative and in many cases much
sim pler routes to synthetically useful molecules, and make a wide 
range of optically pure compounds readily available.
The four categories listed above w ill be exemplified below, as will 
a few selected examples of enzym e-catalysed reactions. This will 
h ig h lig h t the im portance o f  b io tran sfo rm a tio n s  in  m odern
synthetic organic chemistry.
1. The p rep a ra t io n  of e.p.c.s
The preparation o f enantiom erica lly-pure com pounds (e .p .c .s) is 
the most widely recognised and synthetically useful application of 
enzymes in organic synthesis. D ue to  their inherent and therefore 
unique substrate specificity, many organic and now organom etallic 
compounds have been elegantly resolved. One widely used class of 
enzym es for the straightforward resolution o f optical isom ers has 
been the hydrolases, where th e  enan tio se lec tive  hydrolysis of 
ester substrates in aqueous or organic media Iqfls to  one acidic 
antipode in optically pure form. The following separation of such 
com pounds is then trivial. Extending  this to the use o f m e  s o  
s u b s tra te s 3*4 le^ls to optically pure com pounds in (ideally) 100%
3yield, (exam ple 1, Fig. 1) This class of enzymes w ill be discussed in 
detail in Part 2 o f this introduction.
The ste reose lec tive  synthesis o f new chiral cen tres  from achiral 
substrates by yeasts is now well established5, (exam ple 2, Fig. 1) 
with the  products in this example readily brought to >95% e.e. by 
re c ry s ta ll is a tio n .
The u se  o f  im m obilised enzymes in organic so lvents has more 
recently  led to the resolution o f compounds less stable or insoluble 
in aqueous m edia6, (example 3, Fig. 1.) By using  alcohols in the 
place o f  w ater as nucleophiles, a variety o f  op tically  active 
products can be synthesised.
90% c.c. 
80% Yield
OH
2 .  XS
1 C . gu illierm ondii
2 S. cerevisiae
o o
•OMe
'OMe
50% e.e.
OMe
O
F igure 1.
i - ~  T h e _ ia r r Y in c  o u t o f  rem o te  fu n c t io n a lis a t io n s
Enzymes have been used to  carry out remote functionalisations of 
specific target sites in m any molecules. This would be difficult if 
not impossible to d o  chem ically  in some situations.
In the above exam ple7, (Fig. 2) 3 0 -h y d ro x y -5 -a -c h o le s t-8 (  14)-en- 
15-one 1 was specifically  hydroxylated at the ¿60 position with an 
enzym e from rat liv e r mitochondria to give 5 a -c h o le s t-8 (1 4 )-e n e -  
3 0 , 26-diol-15-one 2 in a 4:1 mixture of 25R and 25S isomers. 
(60% e.e.)
3. F o r  ree io se lec t iv e  reac t ions
The acylation o f sugars in aqueous media is therm odynam ically 
unfavourable. F urtherm ore , regiospecific control involves the use 
o f ex tensive p ro te c tio n  and depro tection . a -D -g lu c o s e  w as 
regiospecifically bu ty ra ted  solely at the 6 -0  position with PPL in 
p y r id in e 8, and l,6 -a n h y d ro -2 ,3 ,4 -tr i-O -ace ty l-0 -D -g lu co p y ra n o se  
was reg io spec ifica lly  d ea cy la ted 9 at C-3 with chymotrypsin and 
w heatgerm  lipase; and  at C-4 with liver esterase and pancreatic 
lipase.
Another example o f the reg io specific ity  o f  enzym es is shown in
the specific N -l-g lycosidation  o f  benzo triazo les 3 catalysed by
N A D ase10. The glycosidation w ould  have been expected to occur at
o f +♦•>€. aobsH-tuent-s
the N-2 position due to *ied-n>nic effects ond effects^ - as it does for 
indazoles, yet it glycosylates so le ly  at the N -l position under the 
above biocatalytic conditions.
3
4.— i n s — c a r r y in g __2lU__ a i __ r e a c t io n s__ u n d e r  m i l d
c o n d i t i o n s
A further advantage of the use o f  biotransform ations in organic 
synthesis is that they operate under very mild conditions. All 
reactions carried out in aqueous m ed ia are buffered, usually in the 
pH range 6-8, at temperatures genera lly  not exceeding 45°C . The 
majority of synthetically used enzym es are non-toxic, and can be 
filtered off and re-used several tim es. Therefore waste is avoided, 
and in the present climate o f chem ica l research, any move away 
from the use of toxic chemicals and  harsh conditions (extrem es of 
pH, high temperatures) is w elcom ed.
A few e x a m p l e s  o f  th e  s y n t h e t i c  use  o f  
b i o t r a n s f o r m a t i o n s
(a) In  p ep tid e  sy n th es is
(b ) In  c a rb o h y d ra te  sy n th es is
(c) In  c a rb o n -c a rb o n  bond  fo rm a tio n s
(a) In p ep tid e  sy n th esis
A recent and exciting new field of b io transfo rm ations is in the 
application o f enzym es to  peptide sy n th es is . This has several 
advantages over the well established chem ica l m ethods, in that it 
takes p lace under mild reaction co n d itio n s  w ith no need for 
protection and activation, in the absence o f  racem isation and with 
all the regio- and stereoselectivities inheren t in the nature o f the 
b iocatalyst. Extending th is to  enzym atic  peptide synthesis in 
organic solvent opened up more in te res tin g  posib ilities . It was 
found that the stereoselectivity of sub tilisin  relaxed sufficiently to 
allow  the preparation o f numerous p ep tid e s  contain ing  D-amino 
acids, which is im possible in water as pro teases accept only L- 
am ino a c id s11. L ipases were subsequen tly  found to  be w ider 
ranging in their substrate specificity and u tility  in organic solvent, 
w ith the added advantage that lip a se s  d o  not ca talyse the 
secondary hydrolysis of peptides. The firs t exam ple o f this type12 
was concerned with the synthesis o f N -acety l-L -phenylalanyl-L - 
leuc in am id e  from  N -a c e ty l-L -p h e n y la la n in e -2 -c h lo ro e th y le s te r  
and L-leucinamide catalysed by PPL in d ry  toluene. This line of 
work has many exciting  possib ilitie s, w ith  a - c h y m o t r y p s i n  
c a ta ly s e d  p ep tid e  s y n th e s is  in d ic h lo ro m e th a n e  bein g
d em o n stra ted  com peten tly  and w ith  g rea t p o te n tia l  in our 
laboratories at the present tim e13.
Lh}_In_carbohydrate_synthesis
As m entioned  briefly above, carbohydrate synthesis is  another 
useful ta rg e t for biotransformations. Due to the many com plicated 
protection and deprotection stages during the chem ica l synthesis 
of oligo- and  polysaccharides, very few of these com pounds can be 
made ea sily , or have indeed been made.
|3-G alactosidase will selectively cleave the P-1,4 lin k ag e  between 
the galactose and glucose moieties o f lactose, and w ill ca talyse the 
transfer reaction  of a nucleophile to this position. If an o th er sugar 
molecule is  present, a stereo- and regioselective transglycosylation  
reaction w ill be catalysed and a new disaccharide read ily  
f o r m e d *  4 ,1 5 .  This process has g rea t p o te n tia l fo r  the 
straightforw ard synthesis of oligo- and polysaccharides and is also 
being investigated  in our laboratories at present.16
tel In C-C frond formations
Another c la s s  o f enzyme with great synthetic po te n tia l are  the 
aldolases, w hich , as the name suggests, catalyse a ld o l- ty p e  C-C 
bond fo rm ing  reactions*7. (Fig. 3)
8F igure 3
The m ost common enzym e used in synthetic applications is rabbit 
m uscle aldolase, and g iven  the cu rren t in terest in synthetic 
organic chemistry of d irec ted  aldol reactions and the synthesis of 
carbohydrates, this enzym e is synthetically very im portant.
Fart 1 Xlis— hydrolytic enzymes :__E s te r a s e s_and
lipases
H ydrolytic enzymes, o r  m ore specifically the hydrolases, are a 
large group of enzymes w hich act upon a vast range of substrates, 
catalysing the cleavage o f  a specific bond via hydrolysis. This 
group o f enzymes c o n ta in s  esterases, thiolesterases, phosphatases, 
g lycosidases, peptidases and pyrophosphatases, w ith the bonds 
hydrolysed being ester links, thiolester links, g lycosidic bonds, 
peptides, acidic anhydrides and pyrophosphates18.
Of specific interest to  the  work presented in this thesis are the 
esterases. These are % g roup  of enzymes (which include lipases) 
with a broad substrate specificity:* very  stereoselective as to 
which particular bond is hydrolysed yet acting on a great range of
e s te r  substrates. T he ir reactions ca ta ly s in g  the prepara tion  o f 
e .p .c .s  are shown below.
1. E s te r  hydrolysis
The enantiospecificity  of the enzym e depends to a certain  extent 
on i t s  proxim ity  to  the asy m m etric  centre. The c lose r the 
hydro ly tic  bond to be cleaved is to  th is centre, the greater the 
chance  o f total enantiospecificity upon  hydrolysis. If  the bond to 
be c leaved  is far aw ay from the asym m etric  centre, then often 
both enantiom ers are attacked by th e  enzym e, albeit at different 
r a te s .
In o rd er to use biocatalysts to  th e ir  full potential in organic 
syn thesis , i.e . to be able to predict substrate com patibility and the
2. Ester intercha 
( t r a n s e s t e r  It le a l i
3. A ceta te  hydrolysis
4 . A cetate 
t r a n s e  s te r if ic a tio * *
S. T ra n s e s té r if ic a tio n  
w ith  a ch ira l alcohol
R* » Asymmetric alkyl group
F ig u re  4
en an tio specific ity  o f  a reac tion , the e le c tro n ic  and physical 
configuration of the  active site o f an enzyme m ust be defined. Of 
the serine pro teases, a-chym otrypsin  has been subjected to most 
attention insofar as  the above ideals are concerned . The sequence 
of amino acids a round  the active site o f a - c h y m o try p s in  has 
been elucidated, and  via  this chemical know ledge and subsequent 
X-Ray analysis, th e  physical shape and e lec tron ic  structure o f a -  
chymotrypsin, and in particular of its active s ite , has been defined. 
From this inform ation, and by an understanding o f the kinetics of 
enzym e-catalysed hydrolysis reactions, a g en e ra l m echanism  has 
been proposed fo r  the hydrolysis brought a b o u t by the serine 
p ro teases19. (Schem e l ) 18
E OH . E OH-R c--- OR, ■ E O— C OR,
R
O o
II n■ E O^ —C R - HO- — C R
+ H---OR, ♦ E--- OH
Scheme 1
The enzyme approaches the substrate, and b inds to  it, forming an 
e n zy m e -s u b s tr a te  com plex. This is then attacked  by the hydroxyl 
group of Ser-195, forming a high energy te tr a h e d r a l interm ediate. 
This interm ediate then collapses to  form the a c y le n z y m e , with 
re lease  o f  the s id e  product. S ubsequent h y d ro ly s is  o f the 
a cy len zym e  forms the e n z ym e-p ro d u c t  com plex , which dissociates 
to give the free  enzym e and (genera lly ) d e s ire d  product of 
hyd ro ly sis .
In the case o f es te r hydrolysis, the a c y le n z y m e  is rapidly formed. 
The rate de term in ing  step of the reac tio n  is the subsequent 
hydrolysis and dissociation of the product acid .
Studies with inh ib ito rs, in particular d i-isop ropy l fluorophosphate 
(DFP), a potent esterase inhibitor, have m ade specific recognition 
of the amino ac ids around the active site o f  the enzyme possible. 
DFP reacts w ith a single, unique serine res id u e , and through the 
elucidation of the  sequence of amino a c id s  around the enzyme 
active site, it has been shown that this is  highly conserved in a 
number o f m am m alian esterases. (It is the refo re  thought that this 
class o f enzym es com e from a common ancestral esterase, and 
have diverged in the ir evolution to be specific  for d ifferent 
su b s tra te s . )'*
Because DFP reacts with only one specific S e r  residue, it is thought 
that this am ino acid has been activated in  som e way. Three- 
dim ensional s tu d ie s  o f  a-chym otrypsin  show  that there is a 
h istidine residue (H is-46) close to Ser-195, which is responsible 
for activating the serine group.
Serine is a poor nucleophile in its p ro tona ted  form . Thus, it is 
thought that H is-46  could function as a  base, w ithdraw ing a 
proton from the Ser, leaving it in its more reactive alkoxide form. 
X-Ray studies show  an aspartate residue (A sp-102) situated close 
to the other im idazole nitrogen o f His-46. T h is  nitrogen atom is in 
a non-polar envirom ent, and will tend to b e  protonated at normal 
pH. It was suggested20 that this aspartate residue w ill act as a 
general base, rem oving the nearest proton from  H is-46, which in 
turn deprotonates and consequently po la rises  S er-195.
This com bination o f  three residues. A sp-102, H is-46 and Ser-195, 
can be regarded as transferers o f a negative charge from the non­
polar interior o f the enzyme. This charge transfer resu lting  in the 
polar, alkoxide form of Ser-195 at the exterior of the p ro te in , has 
been termed the ch a rg e -re la y  system .
A schem atic representation o f the above m echanism  is  shown 
below. (Scheme 2 )"
Scheme 2
Sim ple este rases and lipases are m ainly concerned  w ith the 
hydrolysis of uncharged species. The main factors concerning their 
substrate tolerance are the lengths and shapes of the hydrophobic 
groups on e ith e r side o f the ester link. C arboxyl es te rase s  
hydrolyse both arom atic and aliphatic es te rs , and specu lation  
towards the shape o f the active site has been made by looking at 
substrate specificities.21 *23
Pig liver esterase is an im portant tool in biotransform ations. It is 
broad ranging in its substrate specificity , highly enantiospecific  
and com mercially available. The precise structure o f the enzym e 
has never been elucidated , m ainly ow ing to  the d ifficu lties  
encountered in obtaining a homogenous preparation. PLE is known 
to contain several iso-enzymes. However, models o f its active site 
have been hypo thesised23, and it appears to be generally agreed 
on that the active site (or sites) of the enzyme consist of one or 
tw o hydrophobic pockets with specific geom etries, giving steric  
lim itations to  the configurations of the substrates available to  it. 
The length of the alkyl chain o f an ester plays an im portant part 
in the selectivity o f PLE, as does the bulk o f the acyl moiety. For 
cyclic diesters, PLE shows rem arkable stereospecific ity  fo r the 
number of carbon atoms involved in the ring21. For cyclopropane 
and cyclobutane-1,2-diesters, PLE shows enantiospecificity  fo r the 
S-centre groups w ith >97% e.e. For cyclohexane, the R-centre is 
enantiospecifica lly  hydrolysed w ith >97%  e.e . The sw itch-over 
point at cyclopentane becomes evident with hydrolysis occurring 
with only 17% e.e.
L ip a s e s 22*24 catalyse the hydrolysis o f long chain fatty  acid esters. 
In nature they are concerned w ith the b io log ica l turnover of
lipids. A ll lipolytic enzym es are ester hydrolases, and accept as 
substrates aliphatic esters w ith tw elve or more carbon atom s, an 
"average” substrate being esters  of oleic acid. The hypothetical
distinction between a lipase and an esterase is the involvem ent of 
a lipid-w ater interface in the catalytic process of a lipase.
The total sequence o f am ino acids in Pig P ancreatic Lipase is
know n. There is a single chain o f 449 am ino ac ids, w ith six 
disu lphide bridges and tw o free thiol groups. The sequence of
am ino acids around the active site o f PPL has been determined to 
b e “ 1*
L e u - S e r ( P ) - G ly - H is
and the sam e m echanism  fo r hyd ro ly sis  as w as d iscussed  
previously is thought to occur. The rate lim iting step  again being 
the hydrolysis of the a c y le n z y m e  in term ediate .
The involvem ent o f a lipid-w ater interface upon the activity o f a 
lipase has deemed to be o f im portance. It has been postulated 
that, at the presence o f an interface, a lipase a^u ires a d ifferent 
conform ation  to that w hich occurs in solu tion , w hich is m ore 
efficient. It is thought that the adsorption step o f the lipase to the 
organic phase is controlled by a serine residue, essential for the 
recognition o f the interface, and that there is a carboxyl group 
present o f major importance for the stabilisation o f the best active 
conform ation o f the lipase. L ipases are therefore ideal enzymes to 
act in organic solvents.
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F igure 5
The influence of ester chain length upon the substrate specificity 
o f a lipase is shown in the above figure. (Fig. S) Triacetin is not a 
good substrate for PPL w hilst tribu ty rin  and triproprionin are 
rapidly hydrolysed. Tributyrin is taken as the ideal substrate for 
PPL. (The primary esters of a triglyceride are the only esters to be 
attacked by PPL, and the lipase is non-specific as to which (one or 
three) is hydrolysed. G lycerol is only very slowly produced, and 
only when both prim ary esters have been totally hydrolysed.] 
Lipases in general will not tolerate much change in the fatty acid 
side of the ester link - usually this is pretty rigid in triglyceride 
substrates. Branching in the fatty acid portion of the molecule is 
found to be much more inhibitory than equidistant branching in 
the alcohol.
This is illustrated in Figure 6, as the ester on the left handside of 
the figure is a good lipase substrate, w hereas the ester on the 
right hand side is not.
This tw o dim ensional fixation o f an ester in the active site of a 
lipase may result from the necessity to place the ether O o f the 
ester w ithin reach o f the H is proton. Therefore, fixa tion  o f the 
substrate in the direction o f the arrow is obligatory for hydrolysis 
to occur.
L ipases can have w idely d iversified  enzym atic p roperties  and 
substrate specificities, depending upon their source of grow th, (i.e., 
fungal, mammalian, microbial).
The com bination of esterases and lipases to  catalyse reactions in 
aqueous and organic media in the preparation of e.p.c.s is an ideal 
one, and w ill be thoroughly explored and u tilised during  the 
course of this thesis.
f a r t __ i  T h t___a p p l i c a t i o n ___s i ___o p t i c a l l y ___a c t i ve
i r o n l r i c i i r b o ny l___ complexes___ and____f e rr oce ne
der iva t ives  to o rgan i c  synthesi s
"1 ,3-D iene iro n trica rbony l com p lexes  have m any syn thetic  
applications for the organic chem ist. The irontricarbonyl group 
(F e(C O )3 ) can act as a protecting group; it alters reactivities both to 
e le c tro p h ilic  and, in d ire c tly  th rough  d e riv ed  ca tio n s , to 
nucleophilic processes; it stabilises otherw ise unstable structures, 
such as cyclohexadienones, and makes them available as the basis 
o f reagents. Above all, it distinguishes between one side o f a 
m olecule and the other, often perm itting to tally  stereospecific  
reactions, including the transfer of asym m etry to new chiral 
centres by the use o f chiral complexes of nonchiral dienes"25 
The above statem ent relies upon a w ide range o f  1,3-diene 
F e (C O >3 complexes being easily accessible in optically pure form. 
The few published m ethods o f resolu tion  are m ainly  tedious, 
involving several steps of synthesis followed by recrystallisations.
It was therefore decided to develop a system  w hereby such 
com plexes could be fully resolved enzym atically, /.*. in one step, 
under mild conditions. This would be new and exciting for two 
reasons:
1. An enzym e has not yet resolved  a com pound with a 
plane o f  sym m etry. (A "chiral p lane", as d istin ct from  a 
"chiral centre".)
2 . An en zy m a tic  r e so lu tio n  o f  an o r g a n o m e ta llic  
com pound has not yet been achieved.
The h igh  toxicity  o f  irontricarbonyl com plexes adds a further 
question to enzym e-substrate feas ib ility .
Ferrocenes w ere also  chosen as target m olecules for enzym atic 
re so lu tio n  as they  are th o ro u g h ly  u n d ers to o d , and m any 
resolutions of racem ic derivatives have been published. Therefore, 
all a tte n tio n  could  be placed upon the novelty  o f  enzym e 
acceptance o f an organom eiallic com pound.
In th is section , the properties, synthesis, optical resolutions and 
app lications o f irontricarbonyl-d iene and ferrocene com plexes in 
organic synthesis are discussed.
I r o n t r i c a r b o n y l __ C omp l ex e s
C o m p lex a tio n  by tran sitio n  m e ta ls  co n fe rs  on an organ ic 
com pound properties which d iffer markedly from those expected 
for the functional groups of the free ligand. Stabilisation o f cationic 
species in  such cases activates the ligand tow ards nucleophilic 
attack , and  s tereocon tro l en fo rced  by the Fe(C O >3 fragm ent 
provides easy  access to  asym m etric synthesis. The position and 
nature o f  substituen ts on the ligand is also o f im portance to 
ensure reg iose lective control.
C onsequen tly , op tica lly  active tran sition  m etal com plexes are 
uniquely su itab le to  act as interm ediates in asymm etric organic 
sy n th e s is .
I ro n trica rb o n y l com plexes w ith d ienes m ost com m only  ex ist 
where a l l four carbon atoms are co-ordinated  to the Fe(CO >3 
unit^G . T he first compound o f th is type, butadiene irontricarbonyl
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4 was prepared in 193027, but its structure was not elucidated 
until the work was taken up again 2 0  years later.
In 1942, com pounds o f this type (butadiene, isoprene, and 2,3- 
dim ethylbutadiene irontricarbonyl ) were patented28  as antiknock 
agents for motor fuels.
M ost types of non-conjugated dienes will undergo rearrangement 
to  the co rre sp o n d in g  con ju g a ted  d iene  on reac tio n  w ith 
ironcarbonyl reagents. The stability  o f the diene-irontricarbonyl 
unit is sufficiently g reat to let a variety o f chem ical reactions be 
perform ed on such com plexes w ithout rup tu re o f the diene- 
irontricarbonyl bond. H owever, these com plexes are generally air 
sen s itiv e  and w ill g rad u a lly  decom pose in  c o n tac t w ith 
atm ospheric oxygen. They are also particularly  reactive towards 
electrophilic reagents.
The original work w as repea ted , 2 9  and on the basis of these 
studies which included the relative thermal and chem ical stability 
o f butadiene iro n trica rb o n y l 4 the now fam iliar t e t r a - h a p t o  
s tru c tu re  4 was p o s tu la te d . Soon a fte r , 1H nm r and uv 
spectroscopic studies revealed that the butadiene ligand remains 
intact when it is com plexed to  the irontricarbonyl unit. Later, the 
structure was solved by X-Ray crystallography30  showing that the 
co-ordination o f the iron atom in butadiene irontricarbonyl is
CO
CO CO
4 5
square pyram idal, with a carbonyl group in the apical position as 
is shown in structure 5.
Since this work, numerous 1,3-dienes have shown their ability  to 
react with various ironcarbonyl com pounds to form diene-Fe(CO )n 
derivatives. The most w idely used m ethod to synthesise these 
compounds is to reflux the diene w ith Fe(CO )5 or Fe2 (C O >9 in high 
boiling solvents such as d i-n-buty lether, to  give the com plex in 
-50%  y ie ld 31. However, both reac tan ts  and products can  be 
therm ally unstable so o ther m ethods o f  synthesis have been 
determined. The photochem ical induced reaction and the recent 
application  o f u ltrasound 32  have been tw o m ilder and equally 
su ccessfu l m e th o d s o f  c o m p le x in g  a 1 ,3 -d ie n e  to  an
irontricarbonyl unit.
An asym m etrically substituted diene upon com plexation w ith an 
F e (C O )3  group lacks a plane of sym m etry and is therefore chiral. 
The resolution of such complexes is discussed in detail later.
Ease of racem isation varies from  com plex to com plex, yet the 
majority of air stable diene-Fe(CO )3  com pounds w ill not racem ise 
at room tem perature in neutral cond itions . A m echanism  for 
racemisation is shown below33. (Schem e 3)
S c h e m e  3
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The requ irem ent for th is m echanism  to occur is  fo r the 
irontricarbonyl group to become detatched at one o f the double 
bonds. Racémisation of cyclic-n-diene com plexes is much slower, 
as the ligand m ust becom e co m p le te ly  d ecom plexed  for 
racémisation to occur.
The use of chiral cyclic and acyclic (q 4 -d ie n e )F e (C O )3  and [(q5- 
d ie n y l)F e(C O )3 )+ complexes in asymm etric synthesis has been well 
d o cum en ted25*34.
A spidosperm a alkaloid 6 , a natural product, has been synthesised 
using the optically active irontricarbonyl cation  7 to control the 
regio and stereospecificity o f the prelim inary reactions35.
Optically active sorbic aldehyde irontricarbonyl 16 was used in a 
s te re o  and e n a n tio s e le c tiv e  s y n th e s is 3 6  o f c is and trans 
hem icoronic aldehyde 8 , and in a very  recen t publication37 , 
optically active sorbic acid irontricarbonyl 13 was used to direct 
the asymmetric synthesis of 1 0  below.
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The iro n c a rb o n y l com plex [in its  (-) form ] w as used  to  fo r m  
s te re o sp e c if ic a lly  the  d ia s te reo iso m ers  9 w hich were
separated by chrom atography followed by reduction to  synthesise 
10 . C om pound  10 is a key interm ediate in the p reparation  of 
most o f  the  lipoxygenation products at the n - 6  po sition  of 
po lyunsatu rated  fatty acids.
The app lica tio n  o f diene-Fe(CO )3 com pounds in enantioselective 
synthesis depends on the availability o f a range o f fully  resolved 
com plexes  o f  know n abso lu te  co n figu ra tion . M ost repo rted  
m ethods o f  resolu tion  rely  on e ither the add ition  o f  ch iral 
nucleophiles to cyclic dienyl systems, or on the classical resolution 
of com plexes containing suitable functional groups. These methods 
are in gene ra l tedious, and are discussed in more detail below.
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P u b lish ed — re so lu tio n s__ o f  d ie n e -F c tC O )!  com p lexes
P rev ious resolu tions o f  racem ic m ixtures o f  iro n tricarbony l 
com plexes have been ca rried  out using three major methods.These 
are:
1. T h e  sy n th esis  a n d  s e p a ra t io n  o f  d ia s te re o is o m e rs  o r  
d ia s te re o m e r ic  s a lts ,  (c la s s ic a l re s o lu t io n s .)
2. T he d ire c t s e p a r a t io n  o f e n a n tio m ers  via H P L C  on a 
c h ira l  s u p p o r t.
3. T h e  asy m m etric  co m p le x a t io n  o f  a d iene  fro m  a less 
s ta b le  F e(C O )3 com p lex  o f an a , |3 - u n s a tu r a te d  k e to n e .
These methods will be discussed  in turn.
1. T h t ____s y n th e s is ____ o f ___ d ia s l e r e o i s o m e r s ___ a n d ____t h e i r
s u b s t a u e n t___s e p a r a t io n
Diastereomers can be fo rm ed  in two ways. These are either (a )  By 
the nucleophilic substitu tion  o f a substituent on the diene with a 
chiral nucleophile or ( b )  by the substitution o f one CO ligand 
bonded to the iron a tom  w ith a chiral nucleophile, both methods 
forming separable d iastereo isom ers.
(a) The straightforw ard separations of d iastereoisom ers are listed 
in Table 1. The resolu tion  of diene-Fe(CO )3 com plexes were most 
commonly brought abou t via  the formation of diastereom eric salts 
using optically  pure b ru c in e  or a -m e th y lb en zy la m in e . O f the 
cyclobutadiene com plexes, optically active 19 was prepared from 
its cam phor salts, and a f te r  two recrystallisations gave an e.e. of 
30-40%. This was then m odified  to give optically active 20.
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C o m p o u n d R e s o l v i n g  Method  of  
a g e n t  d i a s t e r e o m e r  
s e p a r a t i o n
A b s o l u t e
r o t a t i o n
L it .
r e f
1 1 Fumarie acid Brucine Fractional crystallisation (a) „  - -593° 3 8
Fe(CO)4 E lO H l A ce tone ♦587*
1 2 Acrylic acid 
F«(CO)4
Brucine Fractional crystallisation (a) „-+372* 3 9
1 3 (S)-a-meihyl- Fractional crystallisation 
benzylamine A e « i o » t
Fe(CO)3*BF4-
(S)-a-methyl- Chromatography 
benzylamine
Fe(CO)3
(S)-a-methyl-
benzylamine
D camphor 
sulphonate
Fractional crystallisation a n
A ce to n e lC H 2C t2
Fe(CO)3
Ephedrine Fractional crystallisation 
E ljO
4 3
O
Fractional crystallisation 
E iO H lE ijO
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2 0
(CH.0 F^e(CO)3 From 1 •
(CO)3R
(S)-a-melhy I - Fractional crystallisation |«1D«+136' 4 6
benzylamine C H C ljlA c t to n t
2 2
O
Ô
ll]S04(cation
formation)
l-menthol
Medium pressur 
chromatography
OMe
Fe(CO)3
48,49
50,51
Medium pressure X ■ BF4 5 2,53
chromatography |a,D .  .132V 136*
X -  PF6 
(oJd* ♦116*
HPLC [a)D.  +25* 5 4,55
T ab le  1
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The cyclohexadiene 21 upon resolution4 6  gave a total yield o f  34%. 
T his optically  active acid was la ter used in the asym m etric  
synthesis o f the natural product gabaculine36.
S yn thetica lly  useful are the ca tions 2 3 ,  syn thetic  o rgan ic  
equ ivalen ts  o f cyclohex-2-eijpne ca tio n s . They h av e  been 
resolved by several d ifferent m ethods, (a) classically4 8  and (b) 
more recently  with chiral nucleophiles30- phosphines, a lkox ides 
and am ines. The achiral salts were reacted  with, fo r exam ple, 
( + ) P ( P h ) 2 ( C jo H  1 9 ) (w here C jo H  19 = neo m en th y l) a n d  the 
diastereoisom ers were separated by usual methods.
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M ore rece n tly , a system  was d esc r ib e d 5 7  w here a chiral 
sulphoxim ine ester enolate reacted with the cation 2 5 , forming 
d iastereoisom ers in unequal ratios. Follow ing the m anipulation of 
this chiral centre to  form a non-chiral substituent, e.e.s as high as 
50% w ere obta ined . The e .e . was g rea tly  dependent on the 
counter-cation used in generating the enolate anion, probably due 
to its strength of chelation, with strong chelation giving a low e.e. 
The cation 23 , and its reaction with several chiral nucleophiles has 
been carefully  studied. It was shown that diastereom er formation 
with R -(+)-a-m ethylbenzylam ine in a 1:1 molar ratio gives rise to 
optical activity in the recovered salt51. No e.e.s were given as the 
d ia s te reo m e ric  p ro tons w ere  in d is tin g u ish ab le  by 1 H nmr 
spectroscopy. A second publication52  using the same cation and 
this time using the chiral nucleophile 2 6  in a 1:0.5 molar ratio 
gave a 64:36 m ixture of diastereomers, and the salt was recovered 
in 6 % e.e. A third publication53  with the same cation but this time 
using a chiral nucleophile w ith an alkyl rather than a P centre, 
aga in  gave  the  unreso lved  (by  1 H n m r  s p e c t r o s c o p y )  
diastereoisom ers, and with the recovered salt in 11% e.e. However, 
it is thought that the selectivity of the nucleophile on forming the 
diastereoisom ers is significantly higher than this.
(b )  E arlier this year, an elegant method for the resolu tion  of 
m ethy l so rb a te  2 7 ,  so rb ic  aldehyde 1 6  and 1 -m ethoxy
cyclohexadiene 29 irontricarbonyl was published59. One CO ligand 
was exchanged  fo r (-t-)-neom enthyl P (P h >2 and the resulting 
diastereom ers were separated by preparative TLC. In a previous 
p u b l i c a t io n 60, the tropone com plex 2 2  and 2 -m ethy lbu tad iene 
F e (C O >3 28 were resolved via  the same method; separation o f the 
resulting diastereom ers was achieved by fractional crystallisation.
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2. T he d irec t s e p a ra tio n  o f en an tio m ers  bv H PL C
C o m p o u n d  H P L C  C olu m n  used A b s o lu te  r o t a t i o n  L i t .
R e f .
i-e(u
' O
o
• O
■ 0
O
Fe(CO )3
•KO
DIACEL CHIRALPAK OC |a]D=.490°
h e x a n e ! is o p r o p a n o l  9:1 -486°
DIACEL CHIRALPAK OB Io Jd=-526°
h exane! iso p ro p a n o l 9:1
Fe(CO )3
CHIRALPAK OT
hexane! isopropanol 0 .9 7 :0 .3
HPLC on chiral supports has more recently  been used for the 
resolution of Fe(CO )3 com plexes. Diacel chiralpak OB, OC and OT 
were most w idely used, with the eluant being various mixtures of 
hexane and isopropanol. N o details o f column packing nor solvent 
systems were given for the resolution of 3 0 63. It was found that 
the pure fractions o f 2 2  racem ise slow ly w ithin a w eek when 
stored in the dark at room  temperature.
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i — A sy m m etric  co m p lex a tio n  o f  d ienes
This method o f chiral induction exploits the phenomenon that a ,0 -  
unsaturated ketones form  less stable Fe(C O >3 com plexes than 
d ie n e -F e (C O )3  com plexes Therefore they p referentially  transfer 
the Fe(CO )3 group to a diene. Consequently if a suitably bulky and 
optically active a ,f)-unsatu ra ted  ketone Fe(CO >3 >s treated with a 
diene, it will preferentially transfer the Fe(CO >3 group to  the diene, 
and, more specifically , to one face only o f the diene, with the 
induction of optical activity.
The a ,|3 -unsatu rated  ketones first exam ined w ere (+ )-pulegone 
and (-)-3 p -a c e ty lo x y p reg n a -3 ,1 6 -d ien e -2 0 -o n e  (16 -D H A ). The 
F e (C O )3  group was asym m etrically transferred to the complexes 
29 , 34 and27 in less than 20% e.e64.
The absolu te configurations of the asym m etrically  synthesised 
com plexes 2 9  and 3 4  w ere determ ined by the conversion to 
known terpenes via the ir respective ca tions63. Low e.e.s were 
gained using both (+)-pulegone and 16-DHA, though with 16-DHA
FetCOfc 
2 7
3 1
they w ere sligh tly  higher, a lso  giving the  opposite  absolute 
configuration to those synthesised with (+)-pulegone.
M odifying the system to work in benzene at 65°C  and for 95 hours 
gave 34 in 40% e.e.66, and after hydride abstraction the salts 3 5 
were recovered in the same optical yield.
This was further optim ised ,67  and after obtaining 35 in 40% e.e. 
(as above) the salts were fractionally  recrysta llised  three times 
from  acetone and die thyle ther to  give a m axim um  ro ta tion  of 
(a JD = -138°. The optical purity o f 100% was confirmed by 'H  nmr 
spectroscopy in the presence of a chiral shift reagent (Eu(fod)j and 
also by the transform ation in to  a known natural product. This 
method o f asym m etric induction  was further in vestiga ted , 68  by 
varying the a,()-unsatura ted  ketone Fe(CO )3  donors with different 
diene substrates. 16-DHA was found to be the best Fe(CO >3 donor 
for cyclic systems, (the best e.e. o f 43% was found with 3 4 )  and (- 
)-cholest-4-ene-3,6-dione most suitable for acyclic  com pounds, i.e. 
2 7 was obtained in 19% e.e . The e.e.s varied  with d ifferent 
substituents on the dienes, w ith the dienes them selves, and with 
the Fe(CO )3 donor complexes.
A probable mechanism for the Fe(CO )3 group transfer is shown 
below .
S c h e m e  4
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T he absolute configuration o f the product is determ ined during 
the  initial approach o f the d iene, and w hilst the metal rem ains 
bound to this face of the diene, racémisation cannot occur.
3 . O th e r m e thods o f re so lu tio n
In a publication discussing tw o m echanism s for the transition- 
m e ta l m ediated olefin  isom erism 69* b rie fly  m entioned w as the 
preparation o f complexes 36  and 37 in optically  active form.
T h is  was effected by the reaction o f F e2 ( C O ) 9  w ith partia lly  
re so lv e d  ( - ) - / r a / u - 2 ( R ) ,  3 ( R ) -b is (h y d ro x y m e th y l)m e th y le n e  
c y c lo p ro p a n e  38  in d ie thy le ther. No m ore details o ther than 
ro ta tions were given.
O p tica l ac tiv ity  induced by the asym m etric destruction  o f one 
en a n tio m er o f the tropone com plex 2  2  by irrad ia tion  w ith 
c ircu la rly  polarized  light has been o b serv ed 70 . This led to  an 
optical yield of 0.3% and an estimated absolute rotation of 700°.
[a|o= + 20
3 6
Fe(CO)3 
3 7
[a)D = +150
3 8
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Circular— dkfim sm __aûil___ i l i__ r e l a t i o n s h ip  to  a b s o lu t e
c o n f i g u r a t io n
A relationship between the cd and absolu te configuration o f an 
optically active transition metal x-com plex was first noticed  with 
respect to platinum -olefin  com plexes71 3 9.
Cl
l
amine-----Pt---- Cl
I
olefin 
3 9
It was observed that the olefin complex was symmetric. Therefore 
upon com plexation  with optically  pure a - m e t h y l b e n z y la m in e  
diastereoisom ers were not formed. The com plex gave little  or no 
cd in the region of the lowest energy d  — d  electronic transition 
of Pt(EI) at 27,000cm -1. However, the (+) and (-) diastereoisom ers 
o f asym m etric  com plexes gave resp ec tiv e ly  a p o s itiv e  and 
negative cd in the above mentioned region. The m agnitude o f this 
d ic h ro is m , ( E | - E r ) m a x , was nearly  the sam e fo r  each 
diastereoisom er. It was subsequently found that the cd  o f the 
low est energy d  — d  e lectronic exc ita tion  o f transition  m etal 
complexes is particularly sensitive to the absolute stereochem istry 
of the com plex. Also, the magnitude of the cd could be related to 
the optical purity  of the complex. A change in the configuration of 
the amine nucleoph ile  used for d iastereom er form ation did not 
disturb the sign o f  the Colton  effect for the lowest energy cd72.
This was later applied40  to optically active ironcarbonyl com plexes 
of prochiral o lefins, and by comparing the cd's o f (+)-sorbic acid
Fe(CO)3 Fe(CO)3
1 3 r=co2h
1 6  R=CHO 4  0
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irontricarbonyl 13, (+ )-/ran j- l ,3 -p e n ta d ie n o ic  ac id  iron tricarbony l 
40 , (-)-sorbic aldehyde irontricarbonyl 16, (+)-acrylic acid Fe(CO )4  
1 2 , and (-)-fum aric acid Fe(CO>4 1 1 , several interesting facts were 
o b serv ed .
It can be seen by simple observation that the lowest energy d  —
negative side  o f the cd and are therefore of the same absolute 
c o n fig u ra tio n . The aldehyde 1 6  has the opposite  abso lu te  
configuration, with its lowest energy d  —► d  transition lying in the 
positive reg ion . Comparing the am plitudes of the low est energy 
transitions o f  (-)-fum aric acid and (+)-acrylic acid (A ) at ~360nm 
it can be seen that the amplitude o f  the former is about tw ice that 
o f the latter. From th is it can be concluded that each asymm etric 
carbon atom  con tribu tes by the sam e am ount to the optical 
ac tiv ity . A no ther in teresting  fea tu re  relating  cd w ith abso lu te  
c o n f ig u ra tio n 73  can be seen in the cd of (-f)-sorbic acid. (B ) Sorbic 
acid Fe(C O )3  13 is o f trans, trans  geom etry; its  term inal carbon 
atoms have the opposite absolute configurations. They are both 
co-ordinated to the Fe(CO )3 group. Consequently each half o f  the 
diene moiety generates optically active d  —► d  transitions showing 
as two absorbance maxima of opposite sign at 390 and 340nm  on
(A)
< r
■HVis line.
to w to Jt> M 1$
X (1 03 c m - l ) X (103 c m * l )
d  transitions for acids 13 and 4 0  at 370-400nm lie on the
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the cd , reflecting  the con figu ra tions  o f the  CH=CHOOH and 
C H 3CH=CH groups. At the time o f this publication, the assignment 
of the cd absorbance maxima had not been m ade. Cis, Irans diene- 
ironcarbonyl com plexes have the same abso lu te  configuration  at 
each term inal carbon atom . Thus the cd spectra  shows only one 
maximum in this region42.
The cd o f these co m plexes  are  so lv en t and tem pera tu re  
dependent, as the chiroptical properties of m olecules are affected 
by solvation and aggregation effects. These effec ts are magnified if 
the com plex contains alcoholic or sim ilar H -bonding functionalities. 
The influence of temperature and solvent upon the C o tto n  effects 
of the ketone Chromophore o f 41 is much sm aller than that found 
for the C o t t o n  e ffec ts  a ttr ib u te d  to the  tr ic a rb o n y l-d ien e  
ch ro m o p h o res.
The cd o f complexes such as 41  w ere studied63*69, and they all 
show ed tem peratu re dependence. H ow ever, th e  co rresponding 
uncom plexed com pounds show ed cd 's  w hich w ere tem perature 
in d e p e n d e n t.
The C o t t o n  effects observed above 270nm o f  sim ilar com plexes 
w ere s ig n if ican tly  w eaker than  those o b se rv ed  fo r d iene
O
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irontricarbonyl com plexes i.e. 13. The cd o f diastereoisom ers like 
42 give curves that are almost identical except for the sign o f the 
C o tto n  effect. This suggests that the absolute configuration o f  the 
m etal-ligand x-bond is a dominant factor in the cd spectra o f  these 
compounds. Consequently the sign of the C o tto n  effect in specified
p^dict
reg ions can be used to \  co n fid en tly  the ab so lu te
configuration of many transition metal n -co m p lex es .
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t e r r o c c n e s
B is(cyclopentadienyl)iron was first discovered in 195174 and the 
nam e "ferrocene" was proposed one year la ter75. It was found to 
be electrically  neutral, both on the rings and in the Fe atom itself, 
and o f  arom atic ch a rac te r, w hich  revea ls  itse lf  by ready 
e lec tro p h ilic  substitution. The rings o f ferrocene lie staggered, 
w ith a C-C bond distance of 1.43A, an average Fe-C distance of 
2 .0 5  8  A 76 , and an extrem ely small barrier to rotation i .e .  1.1 
k c a l / m o l e '1. However, in the vapour state at ~140° the rings are 
though t to be eclipsed. In substituted ferrocenes, the conform ation 
o f the  rings is determined by the position and bulk of the various 
substituen ts. Additionally, ferrocene is relatively stable and non- 
tox ic77.
D ue to  its unique sandw ich-type structu re , ferrocene is an 
ex trem ely  interesting model for stereochem ical research, showing 
m any examples of isomerism, including the classical geometric and 
positional isomers. M onosubstituted ferrocenes belong to the point
. »vito different' »ubsfihjenfs
group C s '° ,  but when disubstituted on one ring only^the symmetry 
becom es and the molecule is chiral. (The term "chirality" was
in tro d u ced  in to  chem istry  in 196479 and was applied to the 
m etallocene field one year later)80. The first separation o f a chiral 
ferrocene  into its enantiom ers was accom plished in 195981, and 
the abso lu te  configuration was determ ined via Horeau's  method 
five years later82. This key com pound, ferrocenocyclohexenone 43  
was fractionally  recrysta llised  from  its m enthydrazone salts to 
give the optically pure ketone after acid hydrolysis.
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Since then, many hundreds of optically pure ferrocenes have been 
prepared by various methods, the m ost im portant o f which are 
discussed below.
The most widely used method of resolution of a racem ic ferrocene 
is c lassica l, i . e .  v i a  the re c ry s ta llisa tio n  o f  d ia ste reom eric  
derivatives, provided that suitable functional groups are available. 
For the carboxylic ac ids, i.e. 44 , salts of a-m eth y lb en zy lam in e  are 
separated; for am ines 45 dibenzoyl tartrate salts are formed; and 
fo r ra c e m ic  k e to n e s  and a ld e h y d e s  4 3 ,  sa lts  o f  the 
m enthydrazones a re  m ost often used83. U sing these m ethods, 
many ferrocenes h ave  been to tally  resolved in to  the ir optical 
isom ers.
C ountercurrent d is tr ib u tio n , (w ith an eluant o f  cyclohexane/(+ )- 
d ie th y l  t a r t r a t e ) 8 4  and chrom atography on p a rtia lly  acylated  
c e l lu lo s e 85  have a lso  been used to separate racem ic mixtures of
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4 3 . A lthough optically ac tive  m aterial was formed, the e .e .s were 
low. (maximum 10% e.e.)
A breakthrough was ach ieved  with the use of medium pressure 
chrom atography on m icro cry sta llin e  triacety lce llu lose (TA C ) in 
e th an o l a t am b ien t te m p e ra tu re s 8 6 . U sing this m ethod, or 
extending it to  a recycling m ode several metallocenes (especially 
benzyl chrom ium tricarbonyl com plexes) have been fully resolved.
D ife rro cen y l d ip h e n y la lle n e  4 6  was fully resolved after one 
p a s s a g e  th ro u g h  th e  c o lu m n ,  w h e re a s  b i s ( a  • 
k e to te t r a m e th y le n e ) fe r r o c e n e  4 7  needed 16 cycles fo r full 
reso lu tio n .
Asymmetric synthesis u tilis ing  directed lithiation has also been a 
successfu l m ethod for th e  reso lu tio n  o f ch ira l ferrocenes . 
L i t h i a t i o n 8 7  at the o r t h o  p o s it io n  o n ly  o f  N ,N - 
d i m e t h y l a m i n o m e t h y l f e r r o c e n e  4 8  is  a ttribu ted  to  the 
intramolecular co-ordination o f  the lone pair o f electrons on the N, 
to  the lithium atom forming a  five membered chelate ring.
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X
4 8  4 9 W 5 0
T h is  w as e x te n d e d 8 8  by the s y n th e s is  o f (+ )-S -(N -a  - 
p ip e co ly lm e th y l)fe rro c e n e  4 9 . Directed lith ia tio n , followed by 
three steps (electrophilic substitution w ith X +, m ethylation, and 
nucleophilic attack with Y -) gave the 1 ,2-d isubstitu ted  ferrocene
50 in 94% e.e.
A sym m etric  ( o r t h o )  palladation has a lso  been used, leding to 
optically  active products w ith moderate e .e .s 89. However, cyclo 
palladation o f N ,N -dim ethyIam inom ethylferrocene in the presence 
o f N -ace ty lv a lin e 90  or N -acety l-L -leucine9 1 gave rise to e.e.s as 
high as 79 and 84%.
T he d e te rm in a tio n  o f  the  e .e . o f o p tic a l ly  ac tiv e  a  - 
m e th y lfe rro cen eca rb o x y lic  ac id  44  fo llow ing  resolution o f its 
racem ate has been determ ined  via tw o independen t methods. 
These m ethods were isotopic dilution, and *H nm r spectroscopy of 
the diastereom eric  a -m e th y lb e n z y la m id e s 9 2 . Both methods gave 
identical results. As racem ization o f d i-substitu ted  ferrocenes is 
im possible w ithout the breaking and form ation o f bonds, this key 
com pound 4 4  has been directly  or ind irec tly  correlated to more 
than 150 optically  active ferrocene derivatives, establishing their 
e.e.s.
5 1 5 2
HPLC of the a -n ap h th y le th y la m id e s  has a lso  been u sed  to 
d e te rm in e  the e .e .s .  o f  4 4 and 5 1 .  M ed ium  p re s s u re  
chrom atography on TAC provides a very sim ple and effic ien t 
m ethod of determ ining  the e .e . provided that full separa tion  of 
enantiom ers is achieved86.
The chiroptical properties o f ferrocenes, m ainly investiga ted  for 
e s ta b lis h in g  c o n f ig u ra tio n  and co n fo rm a tio n , h a v e  been 
ex tensive ly  stud ied  and are d iscussed  in d eta il in  several 
p u b l i c a t i o n s 77*78 . In teresting  to note is that all m etallocene 
cyclohexenones w hich have the absolu te co n figu ra tion  o f  IS 
exh ib it +ve C o t t o n  e ffec ts  in the region of the m eta llocene  
ch ro m o p h o re , and  g iv e  +ve ro ta tio n s  at 5 8 9 n m . T he ir 
corresponding b ridged-vinyl derivatives give the op p o s ite  signs. 
Obviously, tem perature effects on the chiroptical properties o f the 
"open" com pounds are m uch g rea te r than fo r th e  bridged  
d e r iv a tiv e s . S im ila r  b eh a v io u r w as ob serv ed  fo r  ch ira l 
ferrocenophanes i .e. 52 .
The absolute configuration  of the dextrorotatory ketone 4 3  was 
d e te rm in ed  v i a  its  reac tion  with racem ic a - p h e n y l  b u ty r ic  
a n h y d rid e 82. Subsequently, the absolute configurations o f  as  many 
as 2 0 0  ferrocenes were deduced by com parison of their chiroptical 
properties with those o f this key com pound78. A nother im portan t
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ferrocene derivative is the acid 4 4 , w hich, after kinetic resolu tion  
v i a  the separation of its d iastereom eric  sa lts, gave resu lts  in 
accordance with those obtained v ia  the ketone 4 3 . Since these 
earlier results, the introduction o f  the B i j v o e t  X-Ray techn ique 
confirm ed unam biguously the abso lu te  configurations prev iously  
determ ined, via  com parisons w ith the above com pounds. (4 3 ,4 4 ) . 
T he syn thesis , com plete  reso lu tio n , and determ ination  o f  the 
absolute configurations of many hundreds of ferrocenes have been 
w ell researched, understood and docum ented. Therefore, it was 
decided that a racemic ferrocene would be an ideal substrate fo r a 
dem onstration o f the versatility  and selectiv ity  of a hydroly tic  
enzym e. Full a tten tion  could be p laced  upon the enzym atic  
reac tion .
To exp lo re the possib ility  o f a ferrocene being an enzym e 
su b stra te , a thorough  li te ra tu re  search  rev ea led 95  a rev iew  
outlining the use of m etallocenes in biochem istry , m icrobiology 
and medicine. Concerning the ce llu lar applications of m etallocenes, 
various ferrocenes 53  with Rj and R2 as carbon acyl side chains, 
exhib ited  an tim icrob ial ac tiv ity  aga in st a varie ty  o f bac teria , 
yeasts and fungi.
5 3 5 4
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(3 -F e rro cen y la la n in e  54  w as found to be a non-com petitive 
inhibitor with respect to  L-phenylalanine, and a mixed inhibitor 
with respect to DMPH4  in the phenylalanine hydroxylase system 96. 
It was also  found to be a com petitive inh ib ito r o f  arom atic L- 
am in o  ac id  d e c a rb o x y la s e , aga in  in  c o m p a r is o n  w ith  
p h e n y la lan in e .
Ferrocene has been oxidised to the ferrocinium cation  (C s H s ^ F e *  
by horseradish peroxidase in th^)resence o f  hydrogen peroxide, 
and a second b io transform ation  involving the hydroxyla tion  of 
ferrocene via  cytochrome P-450 has been pub lished97.
OH
Ferrocene has thus been show n to be a su itab le  substrate for 
oxidase enzymes, yet no further enzyme work has been found. It 
could therefore be reasonable to expect and in teresting  to discover 
if ferrocene derivatives are su itab le  substrates fo r esterases or 
lipases and subsequently feasible for enzym atic resolution.
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C h a p t e r __L
T h e ------ etUYITiatie____ r e s o l u t i o n _____a l _____r a c e m i c
I r i i n t r i e a r h o n y l__ c omp l ex e s .
In the introduction w as outlined the im portance o f optically ac tive 
iron tricarbony l com plexes and the present m ethods o f th e ir  
resolu tion . M ost o f the reported m ethods o f resolu tion  re ly  on 
either addition of chiral nucleophiles to cyclic dienyl systems50, or 
a re  classical re so lu tions  o f those com pounds w hich co n ta in  
su itab le functional groups36.
N one of these m ethods are sim ple, and they  involve m any 
syn thetic  steps.
T he aim of this thesis is to dem onstrate the versatility  and broad 
substra te  specificity  o f  hydroly tic enzym es, in the sim ple and 
straightforw ard full resolution of an organom etallic complex.
P L E  was assayed accord ing  to the lite ra tu re9 8  against e th y l 
butyrate, and an activity o f one enzym e unit to  71 .35pl of PLE (lit. 
value 77pl) was recorded.
Lipase activity was checked using tributyrin as the substrate.
L J— Methyl—sorbate— ¡rontricarbonyl.
A n air-stable and ea sily  accessible irontricarbonyl complex was 
desired  to carry out in itia l reactions to test the feasibility o f  a 
b iocatalyst to accept such a com pound as a su itab le  substrate .
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Thus the w ell known and fully characterised  com plex , m ethyl 
sorbate irontricarbonyl 27 was chosen.
(COb
2 7  5 5  5 6
Sorbic acid w as esterified to its methyl es te r by stirring w ith 
acetylchloride and methanol for several hours. The resulting ester 
was worked up via  fractional distillation in a yield of 83%. Methyl 
sorbate was then complexed to Fe(CO )3  as according to the 
l i te r a tu r e " ,  by refluxing in di-n-butylether with Fe(CO >5 followed 
by c h ro m a to g ra p h ic  w o rk -u p , to  g ive  m e th y l s o rb a te
irontricarbonyl 27 in 33% yield.
It was o f in terest to com pare the 1H nm r spectra o f m ethyl 
sorbate and its Fe(CO )3  com plexed derivative. (Fig. 7) The most 
prominent feature is the upfield shift of H-(C-2) and H-(C-5) from 
between 5 and 6 ppm (usual for olefinic protons) to 0 .9 -1 .5ppm. 
One explanation for the dramatic upfield shift o f the e n d o  protons 
could be that Fe(CO )3 com plexes with methyl sorbate in a 1,4- 
addition reaction thus saturating C-2 and C-5. Consequently , the 
chemical shifts o f H-(C-2) and H-(C-5) would move to much higher 
regions of the spectrum. From this hypothesis, structure 55 would 
be the correct representation of the irontricarbonyl com plex. 
H-(C-3) and H-(C-4) also experience an upfield shift, but to a much 
lesser extent. In  the light o f the above argu~ment, this could be 
due to the m agnetic anisotropy o f the neighbouring bonds.
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Figure 7
It was also interesting to  note the H, H’ coupling constants in the 
ironcarbonyl com plex. For norm al ethylene protons, J h .H'(cis)=7~ 
11Hz and JH .H 7rra/ij;= 12-18H z. In our ca se , J a .a ,=5 H z  and 
J a ,x = Ja ,,X ,=8.0Hz , which are values that a re  both too small for 
no rm al ethylenic bonds w ith in  com plex 3 - ? .  This suggests a 
delocalisation of the double bonds between C -2 and C-5. However, 
it m ust be rem embered that the v icinal coupling  constants are 
influenced by adjacent functional groups, and the dihedral angle 
betw een Ha and Hx (or Ha 1 and Hx')- "This angle has been found to 
be ~ 135°100, thus the vicinal coupling constant can be expected not 
to  be a maximum value.
The IR spectrum shows tw o very strong bands, one at 2026cm -1 
and the other at 1998cm-1. The latter has a shoulder at 1980cm -1 
w hich is also very strong, and it would be reasonable to assign 
these absorptions to the CO stretching frequencies o f the Fe(CO >3 
m oiety  o f the com plex. W eak abso rp tions  at 1 7 1 0 cm '1 and 
1 6 5 0 c m - 1 could be due to the ester carbonyl and o lefinic C=C 
stretches respectively. The es te r carbonyl o f  m ethyl sorbate also 
absorbs at 1710cm*1, and if  structure 55 were correct, a change in 
stretching  frequency due to loss o f conjugation would have been 
e x p e c ted .
X-Ray structure analysis shows no evidence o f  a bond between the 
F e (C O )3  group and the terminal carbon atom s of the ligand. From 
the above spectral evidence, it can be concluded that 55 is not the 
c o rre c t representation  o f  the  s tructu re o f  an iron tricarbony l 
(o lefin ) complex. A far more likely suggestion is that of structure 
5 7  below, with the large upfie ld  shift o f H -(C -2) and H -(C-5) 
exp lained  by the electron-releasing  effect o f  the Fe(CO )3 group
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shielding the protons in the vicinity of the Fe(CO )3 fragm ent the
m ost.
Fe(CO)3 
5 7
H-(C-2) and H -(C-5) actually point in tow ards the Fe(CO>3 , and 
therefore experience the most dram atic upfield shift. O wing to the 
bulk of the Fe(CO )3  group, each proton in the molecule is affected 
to some extent by its presence; thus the entire spectrum  moves 
relatively  upfield.
In this thesis, structure 23" w ill be the one used to represent all 
iron tricarbony l-d iene  com plexes.
L lZ— XUfi— E n zy m e-ca ta ly sed__ re a c tio n s  o f  m e th y l s o r b a t e
am ]— m ethy l— S p rb a te__iro n tr ic a rb o n v l .
On beginning the enzym e w ork, it w as decided  to te s t the 
substrate su itab ility  of methyl sorbate befo re adding the further 
complication of the Fe(CO)3  group.
lOOpl of PLE was added to a suspension o f  0.1 mmoles o f methyl 
sorbate  in lOmls o f buffer pH 8 . T his was stirred  at room  
tem perature and the reaction w as fo llow ed by the con tinous 
uptake of 0 .0 1M NaOH from an auto titrato r. The reac tion  was 
stopped after 26 minutes when the reaction  had reached 1 0 0 %, 
and was worked up via solvent extraction to  give sorbic acid in 
85% yield. Sorbic acid was characterised by *H nmr spectroscopy,
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showing an identical spectrum  to that for methyl sórbate, with the 
3H singlet missing at 6=3 .76 .
Follow ing the success o f  th is  reaction, sim ilar cond itions were 
em ployed fo r the a ttem p ted  enzym atic  hydrolysis o f  methyl 
sórbate irontricarbonyl 2 7 . It was decided to use a co-solvent to 
help the highly hydrophobic com plex dissolve in buffer, so two 
reactions, one pre-d isso lv ing  the com plex in 50pl o f  methanol 
(1%), the other in 30% ethanol, were set up. Again the reactions 
were followed by NaOH uptake, but after 30 hours there was no 
visible reaction taking place so  the reactions were stopped. Work 
up revealed 1 0 0 % recovery o f  starting ester.
The failure of this reaction could be due to two possible reasons:
1. The insolubility o f the irontricarbonyl com plex, and therefore 
no access to the enzyme active site.
2. Non-substrate com patibility  o f  the irontricarbonyl com plex. 
These two ideas were investigated.
l i i ----Methyl----sórbate__ i r o n t r i c a r b o n v l___ as a n  enzvm e
substrate in organic solvent.
W ork by K libanov et. a l. has pioneered the use o f enzymes, 
particularly  esterases and lipases, in organic m ed ia101. Thus a 
reac tion  o f h is  was rep ea ted  to  investiga te  the ea se  and 
reproducibility of such experim ental techniques .6
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E *p t . E s t e r Alcohol Tim e Yield
! ( • ) CH3CH2CO2CH3 C H 3C H (O CH 3)(CH 2)20H 5 hrs 42%
2 ( b ) CH3CH2CO2CH3 CH3(CH2)60H 68 " 4 6 "
3 ( b ) CH3(CH=CH)2C02CH3 CH3(CH2)60H 85 " 6"
4 (b ) CH3(CH=CH)2C02CH3 CH3(CH2)60H 1 week
Fe(CO)3
(a) Ester as substrate/solvent
(b) Alcohol as substrate/solvent.
T a b le  2
PLE was immobilised on sepharose as according to the literature6, 
and the reactions were followed by GLC.
M ethyl propionate and 3-m ethoxy-l-bu tano l (expt. 1. Table 2) 
were stirred together with PLE im m obilised on sepharose. The 
reaction was followed by GLC, (Fig. 8 ) as the retention times 
between reactants and products w ere su ffic ien tly  large. A fter 
three hours, the ratios of the integrals o f product to alcohol had 
reached 1:1. This ratio stayed constant over a further tw o hours. 
O ptically active 3 -m ethoxy-l-buty l propionate was extracted  in 
42% yield (out of a possible maximum of 50%) and had a rotation 
of [a ]D = -19 .2°. This corresponded well with the literature result of 
[a]D = -16°, although no e.e.s were given.
As the irontricarbonyl es te r is the ch iral substituen t o f the 
reaction to be investigated, the above work by Klibanov had to be 
modified insofar as an enzym e-acceptable achiral alcohol had to 
be found. Vigorously non-polar molecules are favoured by
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enzym es as substrates, so that the essential aqueous m onolayer 
surrounding the protein is not disturbed. Also, as esterases accept 
su b stra te s  with relatively  short chain lengths, 1 -heptanol was 
chosen  as the substrate alcohol. 1-Heptanol had been used in a 
p r e v i o u s  p u b l i c a t i o n 1 0 2 as the a lcoho l m oie ty  o f  a 
transesterification  with tributyrin catalysed by PPL.
Thus experim ent 2 (Table 2) was run, showing that although 1- 
hep tano l is indeed an enzyme substrate, it is less ideal than the 
previously  used alcohol. The reaction was again followed by GLC, 
and im m ed ia te  product ana lysis  by G C-M S con firm ed  the 
syn thesis  of heptyl propionate. (Table 3) D isappearance o f  the 3H 
single t at 5=3.70ppm  ( J H nmr spectroscopy) and appearance of 
several m ultiplets at 6=0.88, 1.31 and 1.59ppm also verified  the 
c o rrec t product.
E l , x  a b u n d a n c e  (% )  P o i *,b l * f r a g m e n t a t i o n
173 54.2 |  Mil] * Molecular ion
75
98
70.7
59
57 100 O -A cyl cleavage
115
83
41
29 45.8
16
20.9
39.3
T a b le  3
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Methyl sorbate was the obvious choice of ester for the sequence of 
reactions to proceed, (expt 3, Table 2) thus the reaction was 
carried out in identical conditions to the two previous ones. This 
transesterification proceeded very slowly indeed, w ith only 6 % 
product obtained v ia  chrom atographic work up after 85 hours of 
reaction. Heptyl sorbate  was identified with *H nmr spectroscopy, 
no ting  the d isa p p e a ra n c e  o f O CH 3 at 5 = 3 .76ppm  and the 
appearance of three m ultiplets at 8=0.88 (3H), 1.29 (8 H) and 1.64 
(2H)ppm; with the res t of the spectrum virtually identical to that 
o f methyl sorbate.
The com bination o f  non-ideal substrates ( i .e . methyl sorbate and
1-heptanol) substantially  slow down the rate o f reaction under the 
above conditions.
To conclude the aim  o f this prelim inary w ork, methyl sorbate 
irontricarbonyl 27  and 1-heptanol were stirred together with the 
im m obilised enzym e. A fter one week, no reaction was observed 
by GLC.
It can therefore be concluded that option ( I )  - that the substrate 
is not getting to  the  active site of the enzym e due to its 
insolubility - cannot be true. Consequently, the rem aining options 
rem ain  open to  in v e stig a tio n , w hich are tha t e ither the 
iron tricarbony l co m p lex  destroys the enzym e by irreversib ly  
inhibiting it; or tha t the compound is simply not a substrate as it 
cannot fit into the ac tive  site of the enzyme.
This final am biguity was resolved in the following experiment.
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Experim ent 1. (Table 2) was repea ted  in the presence o f 0 .13M 
e q u iv a le n ts  o f  m ethy l s o r b a te  i ro n tr ic a rb o n y l . I f  the 
irontricarbonyl com plex were an y  type o f enzyme inhibitor, the 
reaction rate would change.
1. T im e (hours) Ratio SM : P  2. T im e (hours) R atioSM  : P
- 0
1 2.2 : 1 1 1.8 :
2 0.79 : 1 2 0 .55:
3 1.1 : 1 3 0.93 :
5 0 .67: 1 S 1
1. Expi. 1. Table 2.
2. As 1. In the presence o f m eth y l sorbate irontricarbonyl
T a b le  4
As can be seen from Table 4 , the  presence of the irontricarbonyl 
com plex does not effect the rate  o f  transesterification.
F rom  th is  re su lt it w as c o n c lu d e d  tha t m ethy l so rbate  
irontricarbonyl is not an in h ib ito r o f PLE. It is sim ply not a 
substrate - the alkyl or acyl m o ie ty  of the ester could be o f the 
w rong physical shape or is e lec tron ica lly  incom patible with the 
active site of the enzyme.
T hus m odifica tion  o f the su b s tra te  s tructu re m ust be next 
in v e stig a ted .
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A P V I O
A L K Y L 5 8
The m ost straightforw ard method for s tru c tu re  m odification was 
to  reverse the alkyl and acyl fu n c tio n a litie s  o f the ester. 
Consequently, if  the acyl group at present w as too large to fit into 
the active site o f PLE, a simple acetylation would exchange the 
bulky  d iene-F e(C O )3  moiety for a much sm aller CH3 group and 
possibly allow the complex to bind to the enzym e.
1 ^ — Luimlricarbpnyl— ( 2 ,4 -h e x a d ie n - l-o l )  a c e ta te .
M ethyl sorbate irontricarbonyl was added slow ly  at -78°C  to a 
slurry o f U A IH 4  in anhydrous diethyl ether, and stirred under N2 
for two hours. The reaction was followed by TLC, and after this 
time it had reached com pletion. Quenching w ith  ethyl acetate and 
w ate r fo llo w e d  by d ie th y l ether e x t ra c t io n  and colum n 
ch rom atography  gave irontricarbonyl (2 ,4 -h e x a d ie n - l-o l)  59 in 
8 8 % yield.
This product was characterised using >H nm r, IR and MS; the MS 
showing the molecular ion at m/z=238 follow ed by the consecutive 
losses of all three CO groups at m/z=210, 182 and 154. The ion of 
relative abundance o f  100% falls at m /z = 1 3 6 , which is [M-
O H
5 9
Fe(CO)3
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( (C 0 ) 3  + H 2 0 )] + . A sharp band at 3621cm*1 and a b ro ad er one at 
3 4 3  7 c m * 1 in the 1R sp ec tru m  suggests  H -b o n d in g  and 
intram olecular H-bonding o f  the hydroxyl group o f th e  alcohol, 
and two very strong bands at 2055 and 1977cm*1 d u e  to  the 
carbonyl groups o f Fe(CO>3 confirm  the expected structure.
To a solution of freshly d istilled  pyridine and acetic anhydride  in 
anhydrous d ie thy l ether w as added an ethereal s o lu tio n  of 
irontricarbonyl (2 ,4 -hexad ien -l -o l) 59 at 0°C. The reac tio n  was 
followed by TLC, and after eight hours the reaction h a d  reached 
com pletion. E ther ex traction  o f the basic follow ed by  acidic 
aqueous fractions yielded the pure product iron tricarbony l (2,4- 
hexadien-l-ol) acetate 58 in 92% yield.
*H nmr spectroscopy showed a 3H singlet at 5=2.05ppm , w ith the 
rem ainder o f  the spectrum  v ir tu a lly  iden tica l to  th a t of 
iro n trica rb o n y l (2 ,4 -h e x a d ie n - l-o l ) e x c ep t fo r th e  slig h t 
downfield shift o f H -(C -l) in the new complex. M S(FA B) had the 
molecular ion o f m/z=280. follow ed by the successive lo s se s  o f all 
three CO groups at 252, 224 and 196. 13C nmr, IR  and UV 
spectroscopy with m icroanalytical results fully confirm ed the new 
compound to be o f the structure 58  as expected.
L-.L I l it  tn m n c  catalysed__reactions pf__ inmiEicarJmnxl
(2.4-hexadien-l-ol)__ acetate.
Prelim inary experim ents w ere ca rried  out using th e  fo llow ing 
biocatalysts to test for substrate su itab ility  o f the iron tricarbony l 
complex 58.
(1) PPL (2) CCL (3) PLE
(4) LP 146(2)* (5) LP 301* (6 ) LP 150*
(7) Trypsin (im mobilised on Eupergit)
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The com plex was suspended in phosphate buffer, pH 7 and stirred 
rapidly at room  temperature upon addition o f  the enzym e. In 20- 
40 hours, 50% o f reaction had occurred in  each case, with the 
exceptions being enzymes (5) and (7) w here no hydrolysis was 
ca ta ly sed .
Thus the ironcarbonyl derivative  58  had been shown to be an 
enzyme substrate , and the enan tiospecificities of each biocatalyst 
Idling to optically active products were investigated. (Fig. 9). 
Correlating the results of experim ents (3) and  (4) gave an absolute 
rotation o f [<x ]d =~10° for optically pure 5 9 , thus the use o f LP 150 
(expt 1) looks favourable. However, LP 150 belongs to a private 
collection o f  lipases and was available only in very small amounts. 
So the b es t results for com m ercially  av a ilab le  lipases  were 
followed, in particular the hydrolysis using PPL.
58
Fe(CO)3
5 8
B i o c a t a l y s t  
R oom  T em p .
Fe(CO)3
5 9
Expt. Buffer C o-so lvent Lipase T im ef Yield [ o lD e.e .(% )
1 57mg 5mls, pH7 • LP ISO* 41 54 % + 10.53
2 54mg As 1 PLE 20 42 ♦5.3
3 lOSmg lOmls, pH7 CCL 40 44 -2.5
4 149mg 20mls, pH7 CCL 40 49 - 26
5 146mg 20mls, pH8 PLE 66 62 6
6 70mg 27mls. pH8 iso-octane
45 °C
N O V O  15 
Liposyme
17 0
7 lOlmg lOmls. pH7 PPL 36 42 ♦ ld ,+ 6«
8 50mg 4.5mls,pH7 10%MeOH PPL 35 51 +0.24«*
♦5.3«
9 99mg lOmls, pH7 20% MeOH PPL 41 54 -2.660 
♦ 1.33«
10 262mg 63mls, pH7 10% MeOH PPL 48 47 34
11 156mg As 10 As 10 PPL  50 
(in h ib ited )
37 * 29
12 156mg 30mls, pH7 _ As I I 32 11 - 16
(a) All reactions were fo llow ed by the continuous additions o f  0 . 1M NaOH 
from an au to titrator. W ork-up w as done by e th e r ex traction  o f the basificd 
reaction m ix tu res , follow ed by passage through AlOx to sep a ra te  acetate 
from alco h o l.
(b) All ro tations were m easured in acetone, with c= l.
(c) E .e.s w ere determ ined by 1 9 F nm r o f  the M osher ester derivative o f the 
product a lc o h o l.
(d) Product alcohol. (e) Recovered starting material.
(0 Time in hours.
* Lipase from  M. Schneider, W uppertal.
F ig u re  9
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PPL was suspended in a mixture o f buffer and substrate, stirred at 
room temperature and the reaction was followed by NaOH from an 
auto titrator. A fter 36 hours, (31% hydrolysis by the auto titrator 
cu rve) no m ore reac tion  was tak ing  p lace. A few  drops of 
tribu ty rin  were added to  test for enzym e activ ity , w hich was 
confirm ed by the im m ediate and rapid uptake o f NaOH by the 
reaction  m ixture.
Product inhibition was the next factor to  be considered therefore 
the  above reaction  p lu s  ano ther, id e n tic a l one, w ith 0.2M  
equivalents of iron tricarbony l(2 ,4 -hexad ien-l -ol) added, w ere set 
up and reaction rates com pared using auto titrators. A fter a set 
tim e interval of 6  hours and 40 m inutes, the autotitrator w ith the 
alcohol present had added 0.228mls (12% hydrolysis) of NaOH and 
the other had added 0.268m ls (14%). Thus negligible or only very 
slight product inhibition takes place.
Consequently , the question  o f substrate  solubility  le^ing to  the 
effec t on rate and enzyme specificity due to the presence o f a co­
solvent was investigated.
It becam e im m ed ia te ly  apparen t th a t using  10% m ethanol 
increased the rate of the reaction by a factor o f at least tw o, and 
pushed the yield o f hydrolysis to 50%. (expts 7,8) Increasing the 
concentration of methanol to  2 0 % did no t further effect the rate, 
but the sign of the rotation o f the product alcohol was reversed, 
(expt 9.)
As the PPL used in this experim ent was a very crude preparation 
contain ing  es te rase  and pro tease  ac tiv ity , an inhibited
preparation  of PPL 103 was used. T reating the lipase with PMSF 
irreversib ly  inhibited the serine pro tease activity o f the lipase.
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giving rise to  a purer esterase. H ow ever, using the inhib ited  PPL 
in the above hydrolysis lowered both the rate and the selectivity 
of the reaction , (expt 11) A lso, repea ting  the hydro lysis  with 
inhibited PPL in the absence o f a co -so lven t (expt 12) lowered 
rate and se lec tiv ity  further. T herefo re it was show n that for 
maximum e .e . (34% ) in the PPL ca ta ly sed  hydro lysis  o f this 
particular substrate 5 8 , the crude enzym e preparation and a co­
solvent of methanol is o f vital im portance.
It was found that the iro n tricarbony l ace ta te  spon taneously  
hydrolyses to  about 1 0 % in either pure buffer or buffer with 10% 
methanol added in a period o f 48 hours, thus an e.e. of 100% could 
never be attained using this particular system.
To avoid the problem  o f spontaneous hydrolysis, an enzyme 
catalysed transesterification in organic solvent was investigated.
O
A 1:1 molar ra tio  o f ironcarbonyl com plex  58  and 1-heptanol 
were stirred together w ith several enzym es. Heptane w as chosen 
as solvent to  try to  preven t the know n enzym atic  alcohol 
inhib ition  by reducing  the am ount o f  alcohol p re sen t to  a 
minimum. A fter reaction of one week, followed by G LC, only 2% 
transesterification was shown by PLE/Sepharose and 16% reaction 
with PPL. The other lipids (CCL, LP 150 and NOVO Liposyme) 
showed no reaction at all.
6 1
These tw o sections of work have shown that enzym es w ill indeed 
accep t o rganom eta llic  com pounds as su b stra te s, and  tha t a 
biocatalyst can distinguish between the two faces o f  a compound 
with planar chirality. The conditions of the experim ent need to be 
op tim ised  to  ob ta in  a fu ll enzym atic  re s o lu t io n  o f an 
organom etallic complex.
It is of in terest to note that the active sites of both PLE and 
several lip a se s  w ill a c cep t as a substra te  th e  ac e ta te  of 
iron tricarbony l sorbic acid and not the ester. If  the  enzym e- 
substrate binding in the active site is directionalised as discussed 
in the introduction i.e ., along the acyl-O bond, then it is evident 
that the shape and bulk o f the acyl portion of the es te r greatly 
influences the outcome o f a potential enzymatic hydrolysis. (Fig. 
1 0 )
This is in total agreement with the results found w ith PPL and p -  
c h lo r o b e n z y  ^ b u ty ra te  c o m p a r e d  w ith  f l u o r o e t h y l - 3 - 
pheny||>ropionate discussed in the introduction to this thesis.
.O
F ig ur e 10
— Is  C a r b o e lh o x v - 1 .3 - b u t a d iene  i ro n  t r i c a r  b o n  v l.
The next substrate to be considered as an enzym atic target was 2- 
ca rb o e th o x y -1 ,3 -butadiene iron tricarbony l 60 .
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C 0 2Et
/ j \
Fe(CO)3
O
Fe(CO)3
/ 7 O '
Fe(CO)a
6 0 6 2
This com pound was chosen as its synthesis is w ell explained in 
the li te ra tu re 104, (Schem e 5) and its slight difference in physical 
structure from  the other com plexes used w ill again evoke new 
information about the structure o f the active site of PLE.
63
S ch em e 5
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The first stage of the synthesis,04(*) was a simple W ittig  reaction 
resulting in the form ation o f a phosphonium  ylid (yellow  solid) 
which was achieved in an overall yield o f 60%. The ylid was then 
refluxed in  THF w ith freshly  d istilled  acetyl ch loride for four 
hours, resu lting  in a precip itate , w hich w as filte red  o ff. The 
filtrate  w as condensed , and upon add ition  o f ice co ld  light 
petroleum  excess triphenylphosphonium  ox ide w as precip itated  
out. A fter filtration, the residue was distilled to  give the allene in 
60% yield.
The third step of the synthesis,04(b) involved the refluxing of the 
allene with Fe2 (C O ) 9  in benzene, in the presence of BF3 .E t2 0  for 
four hours. Colum n chrom atography separated  the ironcarbonyl 
c o m p lex  in  32%  y ie ld .  2 - C a r b o e th o x y - 1,3 -b u ta d ie n e  
irontricarbonyl was characterised via  its M S(FAB) which gave the 
molecular ion at m/z=266 and successive losses of all three CO 
groups at 238, 210 and 182 (100% ion). (M -OC2 H 5) + was observed 
at m/z=137. IR confirm ed the iron tricarbony l group by giving 
strong absorption  bands at 2060 and 1990cm -1, and 1H nmr 
spectroscopy verified the rem ainder o f the structure.
It was decided also to synthesise the acetate derivative 61 o f this 
compound to  com pare enzym e activities tow ards each substrate.
An ethereal solution of irontricarbonyl com plex 6 0  was stirred 
w ith L iA lH 4 at -78°C for tw o hours. A fter this time, the reaction 
had reached com pletion. It was w orked up by ex trac tion  and 
purified  by co lum n ch rom atog raphy  to  g ive  2 -a lk o x y ^ l^ T  
butadiene iro n tricarbony l 62  in 76%  yield . The com plex was 
identified  by its M S(FA B) w hich gave the m olecular ion at 
m/z=224 and other fragm ent ions at 207[M -OH J+, 196[M -CO )+, 
179[M -(CO+OH))+, 168[M-(CO)2]+. 151[M-((CO)2+OH)]+ and 140(M-
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(C O  >3 I t  •H Nmr showed the loss of a three pro ton  triplet at
6=1.31ppm and a coupled multiplet at 8=4.305ppm  correspond ing
to the OCH2 C H 3  of the ethyl ester complex 60; and the appearance
of two doublets of doublets at 6=4.26 and 4.53ppm  due to the
magnetic inequivalence o f the tw o protons attatched to C-l*. The
rem ainder of the spectrum  was v irtually  iden tical to  that of
complex 60. Thus the correct product was verified. 
nrvettyL
2 -A lkoxy .-l, 3 -b u ta d ien e  iro n tr ic a rb o n y l w as a c e ty la te d  by 
stirring with pyridine and acetyl chloride in diethyl ether at 0°C 
for 20 hours. Extraction  follow ed by colum n chrom atography 
isolated the pure product acetate 61 in 76% yield. The acetate was 
verified by the follow ing spectral characteristics: MS showed a 
very weak m olecular ion at m /z=266 follow ed by the strong 
successive losses of all three CO groups at 238, 210 and 182. A 
large peak at m/z=149 was due to [182-(CH3 + H 2 0 ))  + . ! H Nmr 
spectroscopy  show ed an id en tica l spectrum  to th a t o f iron 
tricarbonyl alcohol 6 2 , excepting the addition of a 3H singlet at 
8=2.12ppm and the loss o f alcoholic OH at 6=1.9ppm. IR showed the 
usual strong tricarbonyl stretches at 2050 and 1975cm -1. Thus the 
desired product was confirmed.
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1 :7  T he E nzym atic  hyd ro ly sis  o f 2 - a c e to x  v^-1 .3 - b u t a d i e n e  
i r o n t r i c a r b o n v l .
O
Fe(CO)3 Fe(CO )3
6 1 6 2
T o  assess for spontaneous hydrolysis o f  the iron tricarbony l 
a c e ta te  61 in buffer at various values o f pH, 30mg of the 
com pound was suspended in 1ml of phosphate buffer at pH 6  and 
pH  8 . Both reactions were gently stirred at room tem perature for 
67 hours and were followed by TLC. A fter this time, the reactions 
at pH 8  showed slight spontaneous hydrolysis whereas those at pH 
6  show ed none. Consequently , the p relim inary  reactions were 
carried  out at this pH.
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E x p t . B i o c a t a l y s t T i m e ( h r s ) Y ic l  d ( % )
1 P P L 17 13
2 A . niger 22.5 52
3 CCL 23 44
4 E E A cE 21 100
5 R- j a i w i c w 20 7
6 P s e u d o m o n a s 25 28
7 A . n ig er 20 >50 4 0
(a )  Typical c o n d it io n s :  SO-lOOmg 61 stirred  at room  tem peratu re in 1ml 
bu ffer, pH6-7, w ith  12-20mg lipase. W ork-up by basic ex tra c tio n  follow ed 
by chrom atography. R eactions followed by additions o f 0.1M  NaO H  from an 
a u to t i t r a to r .
* e .e .s  d e te rm in e d  v i a  p h o sp h o lan e  d e r iv a tis a tio n  an d  ^ l p  n m r 
sp e c tro s c o p y .
T ab le  5
Six reactions w ere  carried out, testing each lipase for its affinity to h<jdrolyse. 
se lec tiv e ly  the iro n trica rb o n y l com p lex  6 1 .  The
reactions w ere follow ed by continuous additions o f 0 .1M  NaOH 
from an auto titrator. From Table 5 it can be seen that the reaction 
stopping at ~50%  (therefore the lipase is selectively hydrolysing 
one enan tiom er o f the com plex on ly ) is experim en t 2 , using 
A sperg illu s  n ig e r  as the biocatalyst. Therefore, the reaction was 
repeated on a la rger scale and the e.e. was determ ined. This was 
carried out v ia  th e  synthesis o f the d ioxaphospholane derivative 
6 3  following a method previously described in the litera tu re . 105
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p y r id in e ,  
b e n z e  n  «
/ t O ™
Fe(CO )3 Fe(CO )3
6  3
Com plex 63 gave a 31P proton-decoupled  nmr spectrum  of two 
singlets, base-line separated at 14.688 and 14.678ppm, with equal 
ratios o f integration for the racem ic alcohol.
An e.e. of 40% was found w hen the alcohol used in synthesising 
63 was recovered from the A sperg illu s  n iger  catalysed hydrolysis 
(expt 7). Unfortunately base-line resolution could not be obtained 
consistently, thus only one e .e . was recorded. From the autotitrator 
results, it can be seen tha t lipases appear to be more selective 
towards this substrate than the one esterase tried, (expt 4) EEAcE 
was totally  non-selective and com pletely hydrolysed the acetate 
in 21 hours.
The reverse phenom enon w as observed follow ing the enzym atic 
resolution o f 2 -ca rboe thoxy-l,3 -bu tad iene  irontricarbonyl 60.
1-8 T h e __ K n /. v m a I i c___ h y d ro ly s is ____o i___2 -c a rb o t lh o » y - 1 .3 -
b u la d ie n e ___i r o n l r ic a r b o n y l .
C O jE l
/ | \
Fe(CO)3
B i o c a t a l y s t
20%  M eOH 
b u f f e r  p l I 7
COjH
/ J A
Fe(CO)3
6 0 6  4
E x p t .* B iocatalyst T im e(h rs) Y ie ld (% ) e . e . ( % ) b
1 PPL 70
2 CCL 70 -
3 A. niger 70
4 P seu d o m o n a s 70 -
5 R. ja va n icu s 70
6 PLE 21 32 83
7 EEAcE 60 10
(a) T ypical conditions: lOOmg irontricarbonyl com plex  60  in a total o f lOmls 
0.1M  p h o sp h ate  buffer pH 7 including 20%  M eO H . All stirred  at room 
tem p eratu re  and m onitored  by TLC . R e a c tio n s  w orked up v ia  solvent 
e x t r a c t io n .
(b) e .e .s  determ ined  by am ide form ation w ith  S - ( - ) * a - m e th y lb e n z y la m in e  
followed by 1 H nmr.
T a b le  6
Several lipases and esterases were te sted  fo r their suitability  to 
catalyse enantioselectively the iron tricarbony l ester 60 . As can be 
seen from  Table 6 , the ester was not a substrate for lipases, yet 
was selectively hydrolysed by PLE (exp t 6 ) to give 2-carboxy-l,3-
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bu tad iene  iro n tricarbony l 64 in 85% e.e. The co nd itions  for the 
reaction are outlined in the above table. The e .e . w as determined 
via  form ation of the am ide derivative 65 .
O
Fe(CO)3 
6  5
Stirring the racemic irontricarbonyl acid 64 with C D I in CDCI3 fo r 
one hour, followed by the addition o f 1.05M equ ivalen ts  o f S-(-)- 
a -m ethy lbenzy lam ine  and further stirring  o v e rn ig h t, synthesised 
the iro n trica rb o n y l am ide  65  in quantita tive y ie ld . J H nm r 
spectroscopy gave tw o doublets, one at 5=1.53ppm  and the other 
at 1 .575ppm  w hich corresponded  to  the CH_3 g roup o f each 
d iastereom er 65 . B aseline separation o f each d o u b le t allowed the 
e.e. o f  each enzym atic hydrolysis to be measured.
One recrystallisation o f  the acid obtained from th e  PLE catalysed 
hydrolysis o f the irontricarbonyl es te r (expt 6 ) g av e  the product 
in 1 0 0 % e.e.
The ab so lu te  ro ta tio n s  o f the fu lly  reso lved  iron tricarbony l 
com plex 64  are given in Table 7.
Rf « 5 ppm  (C H 3 )C o m p o u n d (» Id m . p t.
Acid a -1 0 .7 °  c 1 2 9 -130°
Acid b + 1 1 .0°  d 133-134°
Am ide f -1 8 8 °  d 12 1°
Amide ^ + 4 2 .4 ° d 115-116°
(a) PLE hydrolysis product
(b) Chem ical hydrolysis product o f  residual e s ter 6 0
(c) c=0.5, CHCI3 (d) c = l ,  CHCI3
(e) TLC  on silica, eluant 95%  toluene, 5% Et2 0
( 0  T he am ide d ias te reo m ers  w ere sep a ra te d  by co lum n ch rom atography  
and recrystallised  to  co n stan t rotation and  m elting point.
T a b le  7
The acid formed in experim ent 6  w as o f negative rotation, [cx] d  =  -  
8 . 8 ° and corresponded to  85% e.e . as determ ined by nm r 
spectroscopy of the respective am ide derivative. This upon one 
recrystallisation gave a rotation of [<x1d = - 10 .7°, and showed only 
one set o f doub le ts  upon am ide form ation at 8 = 1 .5  7 5 p p m ,  
verifying an e.e. o f >98%. The residual ester from  the enzym atic 
hydrolysis was chem ically  hydrolysed by stirring for four hours 
w ith L i0 H/H2 0  in aqueous ethanol giving the acid with a rotation 
of [ a ]D = + l l° .  This acid, upon amide formation followed by *H mnr 
spectrum  analysis again showed only one set o f doublets by *H 
nmr, centred at 5 = 1 .5 3 0 p p m .
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T h u s  th e  f i r s t  e n z y m a tic  to t a l  r e s o lu t io n  o f  an  
o rg a n o m e ta l l ic  co m p lex  h ad  b ee n  c a r r i e d  o u t, m a k in g  
read ily  av a ila b le  each  e n a n tio m e r  in o p tic a l ly  p u re  fo rm . 
T h is  a lso  re p re s e n ts  th e  f i r s t  in s ta n c e  w h e re  an  enzym e 
h a s  d is t in g u is h e d  fu lly  b e tw e e n  th e  e n a n t io m e r s  o f  a 
com pound  re la ted  by a p lane  o f  ch ira li ty .
— B e l tf l l l in a l ig n __ of__U u__ a b s o lu te __c o n f ig u ra t io n  o f  2 -
C a r b t m - l . j - b u t a d i t m ___i r o n t r i c a r b o m l .
The ab so lu te  co n figu ra tion  o f  on ly  a few  iro n trica rb o n y l 
com plexes have been previously determ ined. Therefore it was of 
interest to  correlate the rotation and absolute configuration by cd 
and X -ray  s tru c tu re  a n a ly s is  o f  2 -c a rb o x y - l ,3 -b u ta d ie n e  
iro n tr ic a rb o n y l.
As was d iscussed  in detail in  the in troduction , the absolute 
configuration  o f an iron tricarbony l com plex can  be ten tatively  
determined by the sign of the low est energy d  —— d  transition in 
the cd spectrum . The lowest energy transition in the cd spectrum 
of (-)-2 -carboxy-l,3 -bu tad iene irontricarbonyl (F ig . 11) occurs at 
380nm, and is strongly positive (AE=+4) in character. This is in full 
agreement with the cd spectra for (-)-fum aric acid Fe(CO>4 , (-)-2, 
4 -hexad ieno ic  acid Fe(C O >3 and (-)-2 , 4-hexadienal Fe(CO>340, 
which all exhibit strong, positive absorptions in th is region. Thus it 
can be affirm ed that the absolute configuration o f  each of these 
diene-ironcarbonyl com plexes is the same.
The am plitude o f this absorbance is d irectly  re la ted  to  the 
number o f  asymm etric carbon atom s co-ordinated to the Fe(CO >3 
group. There are two asymm etric o lefins com plexed in this case, 
giving AE=+4. For acrylic acid Fe(CO>4 , AE=2, and for fumaric acid
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F c( C O >4 AE=4. Thus the number o f asym m etric carbon atoms is 
confirm ed as two in this complex.
A lso  o f relevance is the fact that the tw o asym m etric carbon 
atom s attatched to the Fe(CO )3  group are o f d ifferent absolu te 
configuration . This is reflected in the cd curve in the 310-390nm 
range, w here there are  two absorbances, each w ith a d iffe ren t 
sign. This reflects the configurations of the CH2=C H 2 and CC>2E t=C H 2 
groups, although which absorbance is due to which group is not 
k n o w n .
To confirm  the absolute configurations o f (+) and (-) 2-carboxy-l,
3 -butadiene irontricarbonyl, determ ination o f the structure of (+ )- 
iron  tr ic a rb o n y l(  1 ,3-bu tad  ie n -2 (S -(-)-a -m e th y l benzyl )am ide) (F ig . 
12) by X-Ray analysis was oorrieJoJt by Dr. N.W . Al^ck of the 
D epartm ent of chem istry. U niversity of W arwick.
It w as immediately seen that the Fe(CO )3  group is lying above the 
plane o f the diene, which gives the absolute configuration of (+)-2- 
carboxy-1 ,3-butadiene irontricarbonyl as (2 £ ,d R ).
,Fe(CO)3
, f p  ------ c o 2Et
(♦ )
Fe(CO)a
(->
This is  in total agreem ent with that w hich was predicted by cd 
d e te rm in a tio n .
From Figure 12(a), it can be seen that there are four independent 
m olecules in the asymm etric unit, i.e . e ight independent molecules 
per unit cell. The average Fe-C bond length is 2.085A. The C-C
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C ( 2 4 >~C(2 3 ) - C ( 2 6  ' 117 3 ( 1 6 )
F r  2 )-C<2 6  >-C(2 7 )  7! 4 ( 9 )
i s  i n s )
Cf 2 6  ¡-Cf 2 8  > - 0 (  2 4 )  113 9< ! *■■•
0 (  24 '-C f 2 9 ) - N (  2  > 1 2 2 . 7 ( 1 3 )
H( 2  >-Cf 2 9  >~C( 2 1 8  > 183 8< 14 )
C ( 2 1 9 ) - C ( 2 9 ) - C ( 2 1 1 )  116  3 ( 1 4 )
C ( 2 9 ) - C ( 2 1 1 ) - C ( 2 I S )  128.  S( 7 )
C ( 2 1 1 >~C(212 )~C (  2 1 3  )  128  9 
C ( 2 1 3 ) - C ( 2 1 4 ) - C ( 2 1 3 )  128 9 
Cf 211 ) - C ( 2 l S ) - C ( 2 1 S >  129. 9 
F r  3 > - C < 3 2 ) - 0 ( 3 2 )  173. 3 ( 2 3 )
F r  3 ) - C (  34 >-C(  3 3  )  6 7 . 3 ( 1 1 )
F r 3 ) - C ( 3 S ) - C ( 3 6  )  6 9 . 8 (  1 8 )
F * (  3 )~C (  3 6 ) - C (  3 3  )  7 9 . 8 ( 1 1 )
C ( 3 S ) - C ( 3 6 ) - C ( 3 7 >  1 1 2 . 4 ( 1 3 )
Cf j  5 —Cf 3 6 ) ~ C ( 3 8 )  1 2 9 . 3 ( 1 3 )
F r  3  ) -C (  3 7  ) - C (  3 6 )  6 7 . 2 ( 1 8 )
Cf 3 6  ) -C (  33 ) - H (  3  )  1 2 8 . 3 ( 1 3 )
Cf 59 ) -N (  3 ) - C (  3 9  > 122 S ( 13 )
H( 3 ) - C (  39  .¡-Cf 3 1 1 )  1 9 9 . 4 ( 1 2 )
C ( 3 9 ) - C ( 3 l !  ) - C ( 3 l 2 >  128. 1 ( 3 )
C ( 3 1 2 ) ~ C ( 311 >~C(3!6> 129 8 
Cf 3 1 2 ) ~ C ( 3 1 3 ) - C ( 3 1 4 )  128 8 
C ( 3 ! 4 ) - C ( 3 1 3 ) - C ( 3 1 6 )  129 9 
F r  4 >-C(4!  > - 0 (  4 1 )  1 7 1 . 9 (  29 >
F r  4 ) m€ ( 4 3  ) - 0 (  4 3  )  1 7 4 . 2 ( 2 1  >
F r  4 >-C( 4 3  )-C< 4 4 )  7 2 . 7 ( 1 1 )
Cf 44  .'-Cf 4 3 >-C< 4 6 )  113 9 ( 1 7 )
F e ( 4 ) - C ( 4 6 ) - C ( 4 7 )  7 8 . 4 ( 9 )
F r 4 ) - C ( 4 6 ) - C ( 4 S )  1 1 9 . 7 ( 1 2 )
C ( 4 7 ) - C ( 4 6 ) - C ( 4 S >  ¡ 2 3 . 2 ( 1 5 )
Cf 4S)-C < 43 ) - 0 ( 4 4 >  1 1 9 . 5 ( 1 4 >
0 ( 4 4 ) - C ( 4 S ) - N ( 4 )  1 1 3 . 3 ( 1 1 )
N( 4 ) - C (  4 9 ) - C (  4 1 8  )  111 4 ( 1 2 )
C ( 4 1 8 ) - C ( 4 9 ) - C ( 4 1 1 )  1 1 4 . 3 ( 1 ->
C ( 4 9 ) - C ( 4 U  ) - C ( 4 1 S )  128.  5 ( 9 )
Cf 911 >-Cf 4 1 2 .¡-Cf 4 1 3 )  128.  9 
C(41 3 )~C < 4 1 4 ) - C ( 4 1 5 )  1 2 9 . 8  
Cf 911 ¡-C f 91S  .¡-Cf 4 1 3 )  12 8  9
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bond lengths of the diene are virtually identical (C (l)-C (2 ) 1.41 A, 
C(2)-C(3) 1.40A, C(3)-C(4) 1.39A), indicating a delocalised system. 
The average length of these bonds is the same as the typical bond 
length in an aromatic system. (1.39A)
T herefo re , s truc tu re  5 7  is an accurate  rep resen ta tion  o f the 
F e(C O )3 -diene com plex, confirming the spectral evidence given in 
the introduction to this chapter.
This work, to the best of our knowlege, describes the first example 
of an enzymatic resolution o f an organom etallic com plex in to  its 
enantiom ers in optically  pure form. It also rep resen ts the first 
exam ple of an enzym e recognising  and d iffe ren tia ting  between 
optical isomers related by a plane of symmetry.
C h a p t e r  2.
The__ enz.ymai ie__r eso lu t i on__ of__ r a c e m i c__ ferrocene
d e r i v a t i v e s .
F ollow ing  the successful resolution of an irontricarbonyl com plex, 
it w as decided to  explore the ability of b iocatalysts to accept as 
substra tes a broad range o f organom etallic com pounds.
F erro cen es  were chosen as the next ta rget m olecules, fo r the 
reasons detailed in the introduction to  this thesis. In summary, it 
was because  the stereochem istry o f these com pounds is com plex 
and in teresting , and that many hundreds o f ferrocenes have been 
fully  reso lved  into their enantiom ers by chem ical m ethods, and 
th e ir  ch iro p tica l properties have been w ell docum en ted .7 7 *83 
T herefo re , a ferrocene derivative enzym atically resolved would be 
a p rim e  exam ple of the versatility  and use o f b iocatalysts in 
organ ic synthesis.
A lso, as all the chiroptical properties are known, the emphasis of 
the experim en t can be placed fully  upon the enzym e-catalysed 
re a c tio n .
2 J ___1.1 '-Ferrocened ¡carboxylic__acid__dimethy l__ester.
The firs t substrate chosen as an enzym e target was 1,1'-ferrocene - 
d ic a rb o x y lic  acid dim ethyl ester. 6 6  This com pound, which is 
ach ira l, w as chosen due to its easy synthesis, and to assess the 
p o ss ib ili ty  o f a biocatalyst accepting  a ferrocene ester as a 
s u b s t r a te .
6 6 44 R=H
67 R=CH 3
The diester 6 6  w as synthesised from l,l '-fe rro c en ed ica rb o x y lic  
acid by stirring in a methanolic solution o f acetyl chloride. The 
product diester 6 6  precipitated out of the reaction medium , and 
after filtration, w as purified by column chrom atography to  give 
pure diester in 8 8 % yield. This product was verified by its *H nmr 
spectrum which show ed a six proton singlet at 5=3.82ppm due to 
the two CO2C H 3 groups, and two m ultip les of four protons each at 
6= 4.42  and 4 .83ppm  corresponding to  the arom atic protons o f 
ferrocene. The IR spectrum  showed strong bands at 1710, 1468 
and 1280cm -1 , due  to the C-O  stretching modes o f the ester 
functionalities o f  the compound. Therefore the correct product 6  6 
was confirmed.
I n i t i a l  r e s u l t s  o f  e n z y m a tic  h y d ro ly s is  o f  1 .1 '-  
ferrocenedicarboxylic  acid dim ethyl ester 6 6  were discouraging. 
W hen 50mg of th e  diester was stirred in a 10% methanol solution 
o f buffer pH 7, and  40pl PLE was added to catalyse the reaction, it 
took 1 month to  hydrolyse the diester to give 32% yield. The 
products of the reac tion  were analysed by TLC, showing a mixture 
o f mono and d i-ac ids present. No reaction occurred in the absence 
o f  a biocatalyst, so  it had been shown that the com pound is, 
although very non -id ea l, an enzym e substrate . However, due to  
the problems tha t a rise  from mono- and d i-ester hydrolysis, it
was decided to  focus atten tion  on a chiral, mono ester ferrocene 
d e r iv a tiv e .
2-2 a - M e i h v l f e r r o c e n e c a r b o x v l ic  a c id .
The synthesis, although long, o f  a-m ethylferrocene carboxylic acid 
4 4  has been well docum ented . 1 07  Also reported is its chemical 
resolution into its optical isom ers . 77
The synthesis of a-m ethy lfe rrocene carboxylic acid can be divided 
in to  three s tages (Schem e 6 ) , the first o f w hich was the 
p repara tion  o f  N .N -d im eth y lam in o m eth y lfe rro cen e . T h is was 
synthesised by the stirring at 9 0 °C  o f ferrocene and N,N,N*,N‘- 
tetram ethylenediam ine in a m ix tu re  o f orthophosphoric acid and 
glacial acetic acid. The so lu tion  was cooled, extracted to remove 
residual ferrocene, and basified  by the careful addition o f solid 
N aO H . T h e  so lu tio n  w a s  e x tra c te d  to  g iv e  N ,N - 
d im ethy lam inom ethy lferrocene in  89% yield. This in term ediate  
was characterised by its !H  nm r spectrum , which showed the 
usual ferrocene protons as a m ultip le! centred at 5= 4.17ppm , and 
a six proton singlet arising from  the two uncoupled N-CH^ groups 
at 5=2.21 ppm. The CH2 -N p ro tons  were observed as a singlet at 
8= 3.33ppm .
The second step o f the sy n th esis  involved a directed lithiation 
ilsiimlin n lr
using BuLi to^ reg io specifica lly  the mono substituted
f e r ro c e n e  a t th e  o r t h o  p o s i t i o n .  T h u s ,  N ,N -
d im ethylam inom ethylferrocene in  an ethereal solution o f BuLi 
w ere stirred together at room  tem perature for four hours. The 
reaction m ixture was cooled to  -100°C  and was quenched with 
C O 2 . A fter gradual warming to  room tem perature, the resulting 
yellow solid was filtered off and  washed, giving 52g o f a mixture
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of ferrocenolithium  salts. In the final stage of th e  synthesis, 40g of 
the above lithium  salts were d issolved in anhyd rous  methanol, 
which was made strongly basic by the addition o f  NaOH pellets. 
D ropw ise  ad d itio n  o f d im e th y l su lphate g a v e  an unstab le 
trim ethylam inoferrocene salt, w hich  was used im m ediately. Crude 
a -m e th y lfe r ro c e n e  ca rb o x y lic  ac id  4 4 w as liberated  by the 
reduction o f this salt with a N a/H g amalgam. Extraction  followed 
by chrom atography gave the pure  acid 44 in an overall yield of 
26%.
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a -M e lh y lfc rro c c n c c a rb o x y lic  a c id  4 4  was confirm ed as the 
purified product by MS(FAB) w hich showed the [M]+ at m/z = 2 4 4  
and (M-OHJ+ at 227. The 1H nmr spectrum  showed a three proton 
singlet at 8=2.34ppm , due to the ferrocene-C H  % group, and the 
arom atic protons o f the unsubstituted ring centred at 5 = 4 .2 3 p p m . 
T he substituted ring showed three m ultip lets of equal in tensity  
(one proton) at 8=4.35, 4.43 and 4.85ppm , corresponding to H-(C- 
3 ) , H-(C-4) and H-(C-5) respectively . Consequently the desired 
product was concluded to have been formed.
It was found that the addition o f  4-5M  equivalents o f (S )-(+)- 
2 ,2 ,2-trifluoro-l-(9-anthry l) ethanol gave rise  to a -50%  splitting 
o f  the CH 3 singlet at 8=2.34ppm, (shifted upfield to 8=1.87ppm  in 
the presence of the solvating agent) as seen by 220M Hz nmr 
spectroscopy. 400M Hz nmr spectroscopy would give baseline 
sp litting  o f this signal. Thus, a very  sim ple and straightforw ard 
m ethod for the determ ination  o f  the e.e . o f an enzym atic  
resolution of this compound had been found.
2.-A. g -M tthY lfe rroccafcJu irh fl& y lk__ a t id __ m e th v i e s te r .
a -M e th y lfe r ro c e n e c a rb o x y l ic  a c id  m e th y l e s te r  6 7  was 
synthesised  by the straightforw ard m ethylation o f the acid 4 4 
w ith diazomethane in diethyl ether. The reaction was quenched by 
the  addition of acetic acid, and upon chrom atographic work up 
gave the pure es te r in 78% y ie ld . The desired p roduct was 
justified by its *H nmr spectrum, w hich was identical in all aspects 
to  that o f a -m e th y lfe r ro c e n e c a rb o x y lic  ac id , apart from  the 
presence of a three proton singlet at S=3.86ppm  due to the ester
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methyl. Also, a slight upfield shift o f ~0.06ppm fo r each resonance 
o f the spectrum indicated a loss o f  the acidic function.
The enzymatic hydrolysis of 67 was initially attem pted on a small 
scale. This was dissolved in both 5m ls and lOmls o f  a 20% MeOH 
solution of buffer, pH 7, with PLE and EEAcE as the biocatalysts. 
The reactions w ere followed by TLC, but after s tirring  for 5 days, 
no hydrolytic reac tion  was observed . S on ica tin g  the reaction 
mixture before the addition of the enzyme was a lso  unsuccessful. 
F ollow ing a m ethod  by K libanov , 1 08  it was decided  to try to 
esterify the ac id  4 ^  with butanol, in hexane, using CCL as 
the b iocata'yst.
C02C4Hg
The reaction w as again followed by TLC, yet a fte r  six days there 
was no observable reaction so the experim ent w as discontinued.
It was therefore concluded that th is particular este r/ac id  is not an 
enzym e substrate under the above conditions. It w as decided to 
syn thesise the ac e ta te , and aga in  te st fo r e n z y m e  substrate  
accep tab ility .
CCL, 30°
H e x a n e
C4H ,O H
2-4 tt-MethylfgrrQcenemetiiyl___a c e t a t e / b u t v r a t e .
4g of a -m e th y lfe rro cen ec a rb o x y lic  ac id  m ethy l es te r  67  was 
stirred in a slurry of LiAlH4  for thirty minutes, using TLC to follow
8 8
the reaction. A fter this time, the reaction had reached com pletion. 
It was quenched by the add ition  o f wet ethyl acetate, and the 
product was purified by colum n chrom atography to  give a yield of 
98%. The desired product, a -m e th y lfe rro cen em e th y l a lcohol 6  8  
was confirmed by !H nmr, IR , and MS(FAB, nba). The MS did not 
show the molecular ion, (presum ably due to the simultaneous loss 
of OH forming the stabilised cation 69 ) but at m/z=365 a peak was 
present due to  [(M -OH )+nba]+. The peak with relative abundance 
100% was at 213, arising from (M-OH1+.
6  8  6  9  70  R=CH3
71 R=C3H7
The sea o f delocalised electrons due to the arom atic character of 
the ferrocene rings, will read ily  stab ilise the cation 6 9 . It was 
found that both the acetate and the butyrate derivatives o f 6  8  
( 7 0 ,7 1 )  read ily  decom posed to  give this ca tion , especially  in 
aqueous or acidic conditions.
T h e  *H nmr spectrum of 6 8  showed the O H  proton at 5 = 1 .3 8 p p m , 
and a two proton multiple! centred  at 8=4.43ppm due to  the C H-? 
group. The signal due to C H ■* appeared at 5=2.01 ppm, and the 
signals due to  the aromatic pro tons were observed at the usual 
ferrocenyl chemical shifts of 5=4.16ppm . Hence the alcohol 6 8  was 
confirm ed as the desired product.
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a-M clh y lfe rro ccn em eth y l acetate  70  was synthesised by stirring 
the above alcohol 6 8  in a basic solution of ac e tic  anhydride at 0°C. It 
was then worked up via  solvent extraction. The desired product 
w as p u r if ie d  by co lu m n  c h ro m a to g ra p h y  (w ith  som e 
decom position) to give the required acetate 7 0  in 6 6 % yield. 1H 
nmr spectroscopy confirm ed structure 70 as the purified product 
due to the following observations. The O H  proton at 5=1.38ppm Of 
6 8  was no longer present, and a three proton singlet at 5 = 2 .0 5 ppm  
due to the acetyl CH3  group was observed. T he CH? resonance was 
sh ifted  dow nfield  w ith re sp ec t to  the free  a lcoho l 6  8  to 
6=5.02ppm, as expected. Thus the formation o f the desired product 
was confirm ed.
_____T h e _____e n z y m e - c a t a l y s e d _____r e a c t i o n s ____o f a  -
m e th v lf e r ro c e n e m e th v l___a c e ta t e .
(a) In  aqueous m edia.
50mg of a -m e th y lfe rro cen em e th y l ace ta te  7 0  was stirred in a 
suspension of 20mls buffer pH 7, containing 20% MeOH. To this 
was added 40pl PLE. The reaction was follow ed by TLC, and was 
w orked up after 6 6  hours by solvent ex trac tio n  and column 
chrom atography to give 18mg of a -m ethy lfe rrocenem ethy l alcohol 
6 8 , i .e ., 40% hydrolysis had occured. The ro ta tion  o f the alcohol 
was low. ([o ]d =+1.5. This corresponds to 17% e.e. by comparison to 
the literature value of the absolute rotation o f  +9°). The recovered 
m aterial other than the product alcohol was found not to be the 
s ta r t in g  ac e ta te  7 0 ,  b u t the fe rro c e n e  d e r iv a tiv e  a  -  
m e th y lfe rro c en em e th o x y m e th y le th e r 72 26m g (57% yield, 3% 
e.e.) o f the ether was recovered.
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The reaction was repeated , identical in all aspects except that no 
biocatalyst was added. The same products, in the sam e yields 
(I<*)d =+0 -2 5  for the alcohol) were recovered. It was concluded that 
no enzym e ca ta lysed  hydrolysis had taken place du rin g  the 
reaction. All the a lcohol produced had com e from the aqueous- 
catalysed decom position o f the acetate 7 0 , and the methyl ether 
from the quenching o f the cation 6 8  w ith MeOH present in  the 
solvent. (Fig. 13)
It was decided to  ca rry  out the enzym e-catalysed  reaction  in 
organic media, to get round the problem of substrate instability  in 
ctqueous media.
fb) In organic m edia.
3-6mg of a -m eth y lfe rro cen em eth y l ace ta te  7 0  was disso lved  in 
lm l o f freshly d is tilled , anhydrous iso -octane to which a 2 0 % 
molar excess of 1-heptanol had been added. To each reaction flask, 
-lO m g  o f enzym e (2 0 p l PLE) was added. The reactions were
&
H 2 0 / M e O H Ai
7 0 6  9
Fc
7 2
Figure 13
stirred at room temperature, and w ere followed by GLC. Under the 
GLC conditions used, the ferrocene derivatives 7 0  and 6 8  were 
not observed, so the formation o f  heptyl acetate and the removal 
o f heptanol were used to follow the reaction. As can be seen from 
Table 8 , the best biocatalysts fo r this conversion w ere CCL and 
PLE. (expts 5,6) The other lipases, PPL, Asp erg i l lu s  n ig er  and 
Rhi zopus javan icus,  all catalysed the reaction, albeit very slowly.
Heptyl acetate 73  was chemically synthesised in 91% yield under 
the usual conditions from 1-heptanol. The R j  given by GLC for this 
com pound was identical to the R j  for the reaction product in the 
transesterification  reaction, confirm ing that the transesterification  
does indeed take place.
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■CH2OH
i s o - o c t a n e  Fe
st irred,  room T .  «  r v  (. «
B i o c a t a l y s t
k O
? #  C7H15OH x
^  OCtH,5  7  3
E x p t. S ub stra te B iocatalyst Results*
1 6m g None No reaction
2 6mg P P L Slight reaction
3 5mg A . niger Slight reaction
4 4mg R javanicus S lig h t reaction
5 3mg CCL Over 50%
6 3mg P L E IS ep h a ro se Good reaction
•  E xtent o f  reaction was dete rm ined  by G LC , by the appearance
hepty lacetate. The reaction proceeded for three weeks.
T a b le  8
As the ferrocene acetate derivative 7 0  had been shown to be an 
enzym e substra te , it  w as decided  to  o p tim ise  the reaction  
c o n d i t io n s  o n e  s te p  fu r th e r  by s y n th e s is in g  a  -  
m ethylferrocenem ethyl butyrate 7 1 . The increase in chain length 
should im prove enzym e-acceptability .
a -m e th y lfe rro cen em e th y !  bu ty ra te  71 was synthesised from 6  8  
by stirring  w ith a so lu tion  of pyrid ine, D M A P and butyric 
anhydride at 0 °C  for tw o hours. The product was isolated v ia
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aqueous ex traction , and was purified by Kugelrohr d istilla tion  to  
give the butyrate 71 in 70% yield. The MS gave the molecular ion 
at m/z=300, and the ion of 100% relative abundance was cation 6  9 
at 213, due to loss of C4 H 7O 2 . *H nmr spectroscopy showed a three 
proton triplet at 6=0.93ppm  coupled to  a two proton m ultiple! at 
8=1.65ppm due to C H 3 and C H 2 groups respectively, with the rest 
of the spectrum being identical to  that of the acetate 70.
I d i -----H i* ----- e n i T m t - t a l a l r s e i l___ t r a n s e s l e r if i c a t io n  o f  a
guthylferrottnenuthyl__ b u ty ra te __ in o rg a n ic  m ed ia .
P relim inary  reac tio n s  w ere ca rried  out under the fo llow ing  
conditions: ~10m g o f the above butyrate 71 was dissolved in 2m ls 
of anhydrous iso-octane, and 2 0 % molar excess o f  1 -heptanoi was 
added. T he reac tions were stirred  at room  tem perature, and 
~20mg o f the follow ing lipases w ere added. PPL, A. niger, R. 
javanicus ,  CCL, P s eudom onas  and the esterase, PLE immobilised on 
sepharose. The first five lipases were also immobilised on B iofix, 
(see A ppendix) a porous ceramic support, and reactions containing 
these im m obilised biocatalysts were also set up.
The reactions were followed by GLC, (which had been previously 
calibrated using  heptyl butyrate) and the results are show n in 
Figure 14. It is im mediately apparent and also o f great in terest to 
note the vast difference in enzym e activity  between the lipase 
immobilised on Biofix and the lipase free in the reaction medium. 
The most ex trem e cases to note are those o f A. niger  and R . 
j a v a n i c u s ,  w here the lipase free in reaction media is totally non 
reactive, w hereas the same lipases upon im mobilisation on Biofix 
become ex trem ely  ac tive and the reaction proceeded re la tive ly  
rapidly to 100%. In general, immobilising the lipase upon Biofix
9 4
PPL
Atpergillus
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greatly  increased the rate of reaction. The exception to th is was 
w ith  CCL, where the free lipase reac ted  s tead ily  to ~50%  
conversion, yet the lipase on Biofix reacted at a much slower rate. 
PLE on sepharose did not accept 71 as a substrate.
T he effect of im m obilising a lipase upon Biofix m ust somehow 
d ra s tica lly  alter the shape or e lec tro n ic  confor'm ation o f the 
en z y m e active site . There was no tim e  to investiga te  this 
phenom enon during the course of this thesis, but it is a subject of 
g re a t in teres t that is being in v estig a ted  a t p resen t in our 
la b o ra to r ie s .
It w as o f interest to  determ ine the en an tio se lec tiv ities  o f the 
lipases towards the transesterification o f 7 1 , and to see how these 
w ere effected by the immobilisation o f the lipase on Biofix. 
a -M e th y lfe r ro c e n e m e th y l  b u ty ra te  7 1  w as unstab le  to 
chrom atography, as it decomposed to  give the cation 69 and some 
a lcoho l 6 8 . Therefore, chrom atographic w ork-up to separate the 
reaction  products of transesterification w as not possible.
To g et around this problem, it was decided  to^firstfy  the
product alcohol in situ to the aldehyde 7 4 ,  and then to deprotect 
the residual butyrate to  the alcohol. Then the two relatively stable 
ferrocene derivatives could be separated chrom atographically , and 
as racem isation is im possible in such a substitu ted  derivatives, the 
e.e. o f  the reaction could be determined. (F ig . 15)
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E t O H
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■CHO S ep ara ted  by
c h r o m a t o g r a p h y
r - c h 2o c o c 3h7
F ig u r e  15
The entire reaction  m ixture was d issolved in anhydrous CH2 C I2 
and was added to  a stirred suspension of activated MnC>2 . 109 By 
T L C , the reac tion  had reached com pletion after one hour. A fter 
filtration , the reaction  mixture was added to  a so lu tion  o f water 
and  ethanol contain ing  Li0 H.H2 0 , and the reaction w as followed by 
TL C  for tw o hours. This was extracted, dried, and the solvent was 
rem oved by ro ta ry  evaporation. The alcohol and th e  aldehyde 
w ere separated by column chrom atography, and the aldehyde 7 4 
w as Kugelrohr d istilled  prior to analysis.
It was found th a t the addition o f an optimum o f  fiv e  molar 
equ ivalen ts o f  (S )-(+ )-2 ,2 ,2 -triflou ro -l-(9 -an th ry l) e th an o l in d 6 
benzene to  the  ferrocene aldehyde derivative 7 4  g ave  ~75% 
splitting of the ferrocene CÜ 3 singlet a t 6=2.30ppm by 220M H z *H 
nm r spectroscopy. A t 400MHz, this splitting increased to  baseline, 
and  the en an tiom eric  excess o f the various enzym e-ca ta ly sed  
tran se ste rific a tion  reactions could be determ ined accu ra te ly , (to 
w ithin 2%)
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a-M cth y lfe rro cen em eth y l butyrate 71 (~100mg) was dissolved in 
lOmls anhydrous iso -oc tane , and 60pl of heptanol was added. The 
reactions were stirred  a t 40°C  upon addition o f ~40mg of each 
lipase, (in the case o f  the  lipases immobilised on Biofix, 40mg of 
lipase on 400mg o f  B io fix ) The reactions were followed by G LC, 
w hich had previously been  calibrated with heptyl butyrate, and 
the results are sum m arised  in Table 9.
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i s o - o c t a n e  
s t i r r e d , 4 0 °  
B i o c a t a l y s t
f  ♦
CtH15OH
E x p t L ip a s e Tim e Yield  ( * ) ( a lD e . e ( f t )
1 CCL 3 days 17 ♦ 115« 50
2 CCL (B io fix) 6 days 50 +130« 42
3 PPL 13 days 40 ♦ 7.1d 26
4 PPL (B io fix ) 3 days 50 -13« 16
5 A. niger (B io f ix ) 6 days 50 +55« 32
6 R. ja va n icu s  (B io f ix )  beings 5 0 +3bc
o
(a) Y ie ld  as determ ined by calibrated G L C .
(b) e.e. determ ined v ia  o x ida tion  to  a ld eh yd e  fo llow ed  by 1H nm r in  the 
presence o f  c h ira l so lva tin g  agent.
(c) c=0.03, EtOH . 25°C
(d) c-0.014, EtOH . 25°C
Tabl e 9
The lipase that gave the best enantioselectiv ity  was CCL, as was 
expected  from  the prelim inary re s u lts . The ro ta tions and e.e. 
values co rrelated  w ell (the li te ra tu re  value fo r the absolute 
rotation of a-m ethy lfe rrocenem ethy l aldehyde [a ]D = + 2 2 0 °), with 
the exception o f experim ent 2. T he h igh  rotation must have been 
due to inaccuracy in measurement, as  the e.e. was definitely 42%
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(by 1H nm r). Another very interesting phenom enon arising from 
im mobilising PPL on Biofix as well as vastly increasing  the rate of 
reaction, was that it reversed the lipase se lec tiv ity  tow ards the 
ferrocene derivative. This was shown both in the ro ta tion , and the 
'H  nmr spectroscopic m easurements. (Fig. 16) T h is  again opened 
up a vast field of speculation tow ards the ro le  o f  B iofix in the 
im mobilisation of a lipase.
This section of work has shown that a lipase w ill readily  accept a 
f e r ro c e n e  d e r iv a tiv e  as a s u b s tra te , a n d  w ill re ac t 
enantioselectively w ith it. The conditions have ideally  still to be 
optimised to  give 1 0 0 % e.e. in the resolution, but the time was not 
available to  do this for this thesis.
It is hoped  that the work fo r this thesis has show n that the 
app lica tio n  o f enzym es has a fu tu re in th e  reso lu tio n  of 
organom etallic complexes. Complexes which are d ifficu lt to  resolve 
chem ica lly  can be stra igh tfo rw ard ly  reso lved  o n ce  the right 
conditions have been found. A lso the d iversity  o f  an enzyme 
towards its  substrate - that it can distinguish n o t only between 
centres o f  chirality, but also between a chiral plane.
1*5 1*0 Tt51 f^T
10 0 \1 II/. * H  nm r spec tra  o f  a - m e t h y l f e r r o c e n e m e t h y l  a ld e h y d e  In 
th e  p re s e n c e  o f  ( S ) - ( 4 - ) - 2 , 2 ,2 - t r l f lu o r o - l - ( 9 - a n tH o jO  ethanol-
F ig u re  16
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E x p e r i m e n t a l
I n t r o d u c t io n
All solvents and starting m aterials w ere dried and purified prior 
to use fo llow ing the procedures la id  out in "P urifica tion  of 
Laboratory Chem icals" by D.D. Perrin, W .L.F. Armarego and D.R. 
Perrin (2nd ed., Pergamon Press, 1985) unless otherwise stated.
The enzym es used w ere obtained from  the sources given below 
and had the listed activities:
E n z y m e
P L E  (E C  3.1.1.1.)
S o u r c e
B o e h r in g e r
A c t i v i t y
10m g p ro te in /m l s o lu t io n  
130 eu/mg pro te in
P P L  (E C  3.1.1.3.) Sigma. Type 2 35% prote in 
35 -70  eu/mg pro te in
C C L  (E C  3.1.1.3.) Sigma. Type 7 35% prote in 
0
1,44^2,800 eu/m g pro te in
A c e t y lc h o l in ­
esterase (E C  3.1.1.7.) S igm a. Type 6-S 
(E le c t r ic  ee l)
200 -400  eu/mg pro te in
A sp e rg illu s  n ig er Am ano L ipa se  A  "Am ano" 6 
63.7  eu/mg pro te in
R hizopus ja va n icu s A m a n o L ipa se  N  153eu/mg 
p r o t e in
P seu d o m o n a s A m a n o L ip a se  P  "Am ano" 
34.5 eu/mg pro te in
Nmr spectra w ere recorded using the instrum ents listed  below, 
operating at the frequencies given in the table:
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S p e c t r o m e t e r F r e q u e n c y  /M H z
1H  1 3 c  , 9 F  3 1  p
B roke r W H 400 400.13 100.62
B ro ke r W H 90 84.66
V arian  V X R 4 0 0 161.9
B ro ke r A C 2S 0 200
P e rk in -E lm e r  R 34 220
The chemical shifts are quoted in ppm from TMS as the internal 
re fe re n c e .
The spectral characteristics and physical data o f the compounds 
involved were recorded using the instrum ents and m ethods listed
b e lo w .
I R ( C H C l3 ) P e rk in -E lm e r 5 8 0 -B  Spectropho tom ete r
I R ( C H B r 3 ) P e rk in -E lm e r 177
M S Kra tos MS80
(a ] O ptica l A c t iv ity  L td . A A -1000  Po la r im ete r 
Rotations measured at 23°C . X as specified  
using a 2dm path length ce ll
cd* Jasco J40 CS  Spectropolarim eter
m p O a llen kam p  apparatus, quoted unco rrec ted
X -R a y * * N ico le t P2|
1 0 2
G L C P Y E -204  Gas Chromatograph. Co lum ns 6ft 
length, N 2 as carrier gas at a flow  rate o f  
3 0 m l/ m in .
p H -S ta t Rad iom ete r Copenhagen R TS882  record ing  
t itra t io n  system
T L C M e rck  K ie se lg e l F254 on 0.2mm precoated 
plates. Spot detection by U V  fluorescence 
quench ing , potassium  permanganate sp ray  or 
p ho sp h o m o ly b d ic  a c id /e th an o l sp ray
C o lu m n F la s h  c h ro m a to g ra p h y  p e r fo rm ed  on  M e rc k
C h r o m a t o g r a p h y  K ie sc lg e l 60 s ilic a  gel (230-400 mesh).
A p prox im a te ly  lOOg s i lic a  to  Ig compound. 
F low  o f  so lvent through the colum n was 
a p p ro x im a te ly  4 cm /m in .
Light petroleum refers to the fraction bo iling  range 40-60°C
unless otherw ise stated.
Measured by Dr. A.F. Drake, Birkbeck College 
Determined by Dr. N.W. Alcock, University o f Warwick
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Chapter 3 
Assay of PLE98
To 10ml of 0.0125M  ethyl butyrate was added lOOpl o f PLE at 
18°C . The reaction was stirred and the pH kept constant at 7.5 by 
the continuous additions of 0.01 M NaOH from  an auto titrator. 
A fter one and a ha lf hours, the reaction  w as term inated. At 
optim um  enzym e ac tiv ity , i . e .  the first 10% o f  reaction, PLE 
h yd ro ly sed  1.39 8 x  10 *6 moles o f ethyl butyrate in  one minute. 
T herefo re, 1 .398pm oles of ethyl butyrate is hydrolysed by lOOpl 
PLE per minute, i .e .  lpm ole  of ethyl butyrate is hydrolysed by 
7 1 .5 3  p i  PLE in one m inute. T he refo re , one enzym e unit 
(e .u .)= 71 .53p l PLE (literature value=77pl)
M ethvl sórbate
50.02 lg  (0.446 m oles) of sorbic acid was added to a solution of 
35ml acetyl chloride in 90mls dry MeOH at 0°C . The m ixture was 
stirred at 40-50°C fo r six hours. The product was isolated v i a  
fractional distillation (77°C, 60mm Hg, lit. bp 180°C, 7020) to give 
46 .44lg  (83%) yield o f methyl sórbate.
*H n m r: (220MHz,CD C13) 1.87(d, Jó.5 =4 .9 , 3H, H-(C-6 )); 3.76(s, 3H, 
H -(C -l')); 5.81(d, ^ . , =  16.7, 1H, H-(C-2)); 6.18(m , 2H, H-(C-5,4)); 
7.29(dd, J3,2=16.2, J3 f4 =9.8, 1H, H-(C-3)).
M elhvl sórbale irontricarbonvl3 1 2 7
3.5ml (0.027 m oles) methyl sórbate in 25ml d i-n-butylether with 
2.5% by w eight anhydrous A1C13 (0 .082g) w ere heated under 
nitrogen to 100°C. T o  this was added 6 mls Fe(CO )5 (0.046 moles, 
1.7 m olar equivalents) and the m ixture w as refluxed (1 4 0 °C )
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under N 2 for tw elve hours. The solvent w as rem oved and the 
resulting m ixture eluted w ith 6 % EtOAc in light petroleum (b.pt. 
60-80) through 2 0 0 g silica gel chrom atography column to yield 
2.409g (33.5%, lit. yield 33%) methyl sorbate iron tricarbonyl.
*H nm r: (400M Hz,CDCl3) 0.965(dd, J* ,|= 8 , J l t*=1.2, 1H, H-(C-3)); 
1.450(s, 3H, H-(C-6 )); 1.451(m, 1H, H-(C-S)); 3.635(s, 3H, H -(C -l')); 
5.21 (ddd, J4 i5 =8 , J4 .3=5, J4 .2= 12 , 1H, H-(C-4)); 5.76(ddd, J 3 .2= 8 , 
*3.4=5, J3.5=12, 1H, H-(C-3)).
IR : (CHCI3 ) 2 0 6 2 c m ,(s); 1998cm >(s); 1980cnr»(s); 1710cm -l(w ); 
1650cm -!(w ).
Hydrolysis of methvl sorbate with PLE
To 0.0162g (1 .2 8 x l0  4 m oles) methyl sorbate dissolved in lOmls 
0.1M  phosphate buffer pH 8.02 was added lOOpl (130 e.u .) PLE. 
The reaction m ixture was stirred at 16°C for 26 minutes, the pH 
kept constant at 8.02 by the continuous addition of 0.01 M NaOH 
from an autotitrator. 14.86mls 0.01 M NaOH w ere added during the 
course o f the reaction. The reaction mixture w as acidified with 1M 
HC1 to pH 1 followed by 3x20m ls Et2 0  ex tractions. The organic 
layer was dried over anhydrous M gS0 4 and the ether removed by 
rotary evaporation. Preparative TLC with 80% light petroleum  (bp 
60-80) and 20% Et2 0  separated out pure sorbic acid. (12mg, 84%) 
1H nmr: (220M Hz, CDCI3 ) 1.85(d, J5 .6=4 .8 8 , 3H , H-(C-6 )); 5.8(d, 
Ja,s =15.64, 1H, H -(C -^); 6.23(m, 2H, H-(C-5,4)); 7.34(dd, J3>4 =9.77, 
J 3t2= 16.62, 1H, H-(C-3)).
Immobilisation of PLE on sepharose beads6
lm l sepharose (purchased from Sigma, an aqueous suspension of 
6 0 -  140pm  beads, agarose concentration 4% ) was w ashed with
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w ater, then with 0.1M  phosphate buffer pH 8.02. This was dried 
by  suction on a glass filter, and the resulting resin cut into 2 mm 
by 2mm squares. This was added to 1ml (1300 e .u .) o f PLE and 
w as left overnight at 4°C . The sepharose to tally  absorbed the 
e n z y m e .
G L C  conditions and retention times for the following experim ents 
A ll temperature programmed runs on 3% SE 30 
F o r  A , B : Colum n tem perature 55-200°C , 24°C  per m inute, 4 
m inu tes  initia l tem perature, 2  m inutes final tem perature.
F o r C : Column temperature 90-200°C, 16°C per m inute, 3 minutes 
in itia l tem perature, 2  minutes final temperature.
T h e  retention times for the various compounds are as follows:
A : m ethyl propionate 89s; 3-m ethoxy 1-butanol 239s; 3-m ethoxy 
b u ty lp ro p io n a te  364s
B : methyl propionate 8 s; heptanol 320s; heptyl propionate 419s.
C :  H eptanol 212s; methyl sorbate 247s; heptyl sorbate 626s.
A— T ranscstcrification  o f m ethvl prop ionate and 3-m ethoxv 1 - 
butanol with PLE6
T o  3g (0.03 moles) 3-methoxy 1-butanol, lOg (0.1 m oles) methyl 
p ro p io n a te , 5 drops 0.1M  phosphate buffer pH 8.1 was added 
0 .8 9 m l (1157 e.u .) im mobilised PLE. The reaction was stirred at 
room  tem perature for 19 hours, monitored by OLC. The enzym e 
w as rem oved by filtration , w ashed with E t2 0  and the reaction 
m ix tu re  was extracted with 3x20mls H2 O. The com bined organic 
la y e rs  w ere dried over anhydrous M gS0 4 , filte red , then the 
so lven t removed by rotary evaporation, to give the product in 42% 
(1 .9 4 g ) yield.
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*H n m r: (220M Hz, CDCI3 ) 1.14(m, 6 H, H -(C -3 ,4» ; 1.77(m, 2H, H- 
(C -2)); 2.33(q, J2 ,3=7 .3 5 , 2H, H-(C-2)); 3.32(s, 3H, H-(C-5)); 3.41(m, 
1H, H -(C -3» ; 4.18(1, J i •.2 =6 .8 6 . 2H, H -(C-l )).
[a]D=-19.2 (neat) (lit. [a]D = -16.3 , neat).
JL- -Transcstcrification o f m ethvl propionate and 1-heptanol 
0.853g (0.01 m oles) methyl propionate plus 4.452g (0.038 moles) 
1-heptanol, 3 d rops 0.1M  phosphate buffer pH 8.1 w ere stirred 
with 297pl (373 e.u .) o f im mobilised PLE. The reaction was stirred 
at room  tem perature, and follow ed by GLC. A fter 6 8  hours the 
enzym e was rem oved by filtra tion , washed w ith ether and the 
reac tion  m ix tu re  w as e lu ted  dow n a ch rom atography  colum n 
(350g silica gel, eluant 95% light petroleum bp 60-80, 5% Et2 0 ) .  
This gave 0.772g (45% ) yield of heptyl propionate.
>H n m r: (220M Hz, CDCI3 ) 0.88(m, 3H, H-(C-7 )); 1.150, J3 ,2=6 .9 , 3H, 
H-(C-3)); 1.31 On, 8 H, H -(C-3 \4 \5 \6 ) ) ;  1.59(m, 2H, H -(C -2)); 2.34(q, 
J2 ,3=6.9, 2H, H -(C-2)); 4.08(t, J i -.2=5.4, 2H, H -(C -D ).
MS(EI): m/z= 173[M HJt; 115; 98[CH2CH (CH 2)4CH3l; 75; 57175-H20 ] t ;  
41; 29.
{L .T ranscste rifica tion  of 1-heptanol and methvl sorbate 
To 0.5m l (0 .004 m oles) m ethyl sorbate , 1.14ml (0.01 m oles) 1- 
heptanol, 50ml pH  8.02 0.2 M phosphate buffer, was added 133pl 
(173 e.u .) PLE im m obilised on sepharose beads. The m ixture was 
stirred at room  tem perature for 8 6  hours, then the enzym e was 
fil te red  o f f  and  th e  reac tio n  m ix tu re  e lu ted  dow n lOOg 
chrom atography colum n, (eluant: 95% light petroleum  bp 60-80, 
5% Et20 )  0.048g (6 % yield) of heptyl sorbate was collected.
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1H nm r: (220MHz, CDCI3 ) 0.88(m , 3H, H-(C-T)); 1.29(m, 8 H, H-(C- 
3 \4 \5 \6 ’)); 1.64(m, 2H , H -(C -2)); 1.85(d, J 6 ,5=4.9, 3H, H-(C-6 )); 
4 .14(t, J r .2 = 5  8 8 , 2H , H -(C -r)); 5.79(d, J Xf,= 1 4 .7 , 1H, H-(C-Z.)); 
6.17(m, 2H, H -iC -S » ); 7.26(dd, J3.x=16.7, J3 ,v=9.8, 1H, H-(C-3)).
Iron tricarbonv l (2 .4 -h e x a d ie n -1- o h 32  5 9
A solu tion  o f 1.188g  (0 .0045  m oles) iro n trica rb o n y l m ethyl 
sorbate in 2 ml anhydrous Et2 0  was added with stirring to  a slurry 
of 0.176g (0.0046 m oles) LiAIH4 in 10ml anhydrous Et2 0  at -78°C 
under a blanket of N 2 . The reaction mixture was stirred at -78°C  
for 2 hours. The reaction was followed by TLC (30% Et2 0 , 70% light 
petroleum ), and after this tim e, all visible starting  m aterial had 
been used up. The reaction was quenched by the addition o f 3ml 
EtOAc, was allowed to warm to room temperature and the reaction 
was filtered. Water added then it was extracted 4x50m ls  Et2 0 . The 
organic layer was dried by filtration  through anhydrous MgS0 4 , 
and the solvent rem oved by ro ta ry  evapora tion  to give 0.935g 
(87% yield) of irontricarbonyl (2 ,4 -hexad ien-l-o l).
>H nm r: (200M Hz, CH CI3 ) l . l (q ,  J*fS=5.88, 1H, H-(C-a^); 1.27(m, 
1H, H-(C-5)); 1.44(d, J 6 ,5=7.35, 3H, H-(C-6 )); 1.58(t, J r .i= 4 .9 , 1H, H- 
(C-l*)); 3.67(m, 2H, H -(C -l)); 5.13(m, 2H, H-(C-3,4)).
IR : (CHCI3 ) 3621cm *, (w ); 3437cm *l(w ); 2927cm  *(w); 2055cm - 
»(s); 1977cm >(s).
M S (F A B ): ">/z= 238[M )+; 221 lM -O H J^; 210[M -C O ]+; 193[M - 
(C O +H 20)]+ ; 182[M-(CO)2]+; 165[M -((CO)2+O H)]^; 154[M-(CO)3]+; 
136[M-((C0)3+H20]+.
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Ifonlricarbonvl (2 .4 -h ex ad icn -l-o l)  acetate 5 8  
To an ice cold solution of 0 .474m g (1.99m m oles) irontricarbonyl 
(2 ,4 -h ex ad ien -l-o l)  in 3ml an h yd rous  E t2 0  was added with 
stirring a solution of 2.344ml (14.5M  equ ivalen ts) pyrid ine , 1ml 
(5M equivalents) AC2O in 2ml anhydrous Et2 0 . This was stirred at 
0 °C  for 8 hours, after which tim e there was no  starting material 
left as shown by TLC. (eluant: 80% light petroleum , 20% E t2 0 ) The 
reaction was allowed to  warm to  room tem perature, then basified 
with saturated NaHCC>3 and extracted with E t2 0 . The pyridine was 
rem oved by washing the organic layer w ith 0.1M  HC1, and the 
com bined organic phase was d ried  over anhydrous MgS(>4 . The 
solvent was rem oved by ro ta ry  evapora tion . This gave 0 .5 12g 
(92%) yield o f pure irontricarbonyl (2 ,4 -hexad ien -l-o l) acetate 
*H nm r: (400MHz, CDCI3 ) 0.08(q, Jt .,= 7 , 1H, H -(C-2)); 1.25(m, 1H, 
H-(C-5)); 1.4(d, J6 .5=6 .4 , 3H, H-(C-6 )); 2.05(s, 3H , H-(C-2*)); 4.075(d, 
J 1.2= 7,  2H, H -(C-l)): 5.05(dd. J4 .3=4.5, 1H. H -(C-4)); 5.2(dd. J3 ,4=4.2, 
1H, H-(C-3)).
I3C  nm r: (100.62M HZ, CD CI3 ) 19.0(C-6); 2 0 .8 (0 -2 ’); 54.2(C-X); 
58.4(C-5); 66.0(C-1); 82.8(C-3); 86 .4(0-4); 170.6(0-1*); 2 1 1 .4 (00 ). 
IR : (CHCI3) 2950cm «(w); 2056cm  »(s); 1981cm «(s); 1734cm »(s); 
1451cm *l(w ); 1386cm >(w ); 1370cm ->(w); 1031cm *l(w ).
M S (FAB): «n/z= 280(M ]+; 252(M -CO J+; 224[M -(C O )2l* ; 196[M- 
(CO )3J+; 134; 91; 81; 56.
U V :X m ax 307nm; 225nm; 210nm
A n a l. Calcd. for C i i H |2 F eO s: C , 47.3; H, 4 .5; Fe, 19.7. Found: C, 
47.18; H, 4.32; Fe, 19.94.
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IiQ D tricarbonvl (2 .4 -hexad ien-l - o n  M osher es te r  
0 .2 3 8 g  (Im m o le )  o f  iro n lr ic a rb o n y l(2 ,4 -h e x a d ie n - l-o l)  w as 
stirred  with a solution of 3ml pyridine, 233m l (1.5M  equivalents) 
M TPA-C1 in 3ml anhydrous CCI4  under N 2 a t room tem perature 
overnight. After this time, the reaction had reached com pletion by 
TLC . (eluant 80% light petroleum, 20% E t2 0 , R f =0.06, 0.45) The 
reac tion  mixture was poured into water and extracted 3 x C H C l 3 . 
T he com bined organic layers were washed 2 x 0 .5 M  HC1 followed by 
l x  sa tu ra ted  Na2 C (> 3 . It was dried over anhydrous MgSC>4 , and 
so lven t removed by rotary evaporation to g ive 0.549g o f product. 
T h is was one spot pure by TLC thus no fu rther purification was 
g iv e n . (I t had p rev iously  been show n to  deco m p o se  on 
prepara tive  TLC).
>H n m r: (400MHz. CDCI3 ) 0.94(m, 1H, H -(C -ai); 1.25(m, 1H, H-(C- 
5)); 1.42(d, j 6 ,3=6 . 3H, H-(C-6 )); 3.545(s, 3H, H -(O CU 3 >); 4.225(m . 
1H, H -(C -l)); 4 .357(m . 1H, H -(C -l)); 5 .075 (m , 1H, H -(C -4)); 
5 .225(m , 1H, H-(C-3)); 7.40(m, 3H, H -(arom atic)); 7.50(m , 2H, H- 
(a ro m a tic )) .
13C  n m r: (100.62M Hz, CDCI3 ) 19.0(C-6); 5 1 .6 (C -l); 55.4(O C.H 3); 
58 .8(C -5); 68.2(C-1); 83.1(C-3): 87.2(C-4); 121.6(C-2'); 124.5(C F3); 
127.2; 128.2; 129.4(aromatic); 166.2(C-1'); 211.0(C.O).
19F  n m r: (84.66M Hz, CDCI3 ) 71.365(5, 3F, F -(F 3 -C)); 71.284(s, 3F, 
F-<F3C )).
IR : (CHCI3 ) 2960cm- l(w); 2060cm-l(s); 1990cm - l(s); 1750cm -l(m ). 
M S(FA B  gly, EtOH): ">/z= 426(M-CO]+; 395[M -(CO+OM e)]+; 370(M - 
(CO)3 ]+.
A n a l. Calcd. for C |9 H i7F F e0 6: C, 50.52; H, 3.77; F, 12.55; Fe, 12.30. 
Found: C, 50.46; H, 4.03; F, 12.44; Fe, 12.65.
E n ty m a tic__h y d ro ly s is__a l__iron lricarbony l ( 2 . 4 -h e s a d  ie n  - 1  -o l
a c e ta te ) .
1. Preliminary experiment.
SOmg o f  iro n t r ic a rb o n y l (2 ,4 -h e x a d ie n -1-o l)  a c e ta te  w as 
suspended in 2m ls 0.1M  phosphate buffer pH 7. To this w as added 
lOmg o f  lipase (o r  40pl PLE) and the reaction was stirred a t room 
tem perature. It w as followed by TLC (eluant: 80% light petroleum , 
20% E t2 0 , R p=0.04, 0.35). After 21 hours, considerable reaction  had 
taken place.
T yp ical w ork-up : B asification  o f reaction  m ixture to  pH  10 
follow ed by 3 x E t 2 0  extraction. The organic layer was d ried  over 
a n h y d r o u s  M g S 0 4 , and the so lvent rem oved by ro ta ry  
evaporation. P repara tive  TLC (eluant as above) separated aceta te  
from alcohol. T h e  rem oved bands were extracted by s tirr in g  in 
E t2 0  fo r 10 m inutes. This gave 42.5% irontricarbonyl(2,4-hexadien 
l-o l) when the lipase used in the reaction was LP 150.
Conditions for experiment 10 (Pig, y).
0.262m g iron tricarbony l com plex 58 was suspended in a solution 
of 63m l 0.1M  phosphate buffer pH 7 and 7ml MeOH. To th is  was 
added 45m g c ru d e  PPL and the reaction was stirred a t room  
tem perature, fo llow ed by the continuous addition o f 0.1M  NaOH 
from  an au to titra to r. The reaction had reached 47% hyd ro ly sis  
after 48 hours, and  was worked up as above (except co lum n 
chrom atography, A lO x , Grade V, 20g) to give 8 6 mg irontricarbonyl 
alcohol and 113mg recovered acetate 58 .
Inhibited PPL103
5g o f crude PPL w as stirred at 0-5°C  for 30 minutes in 20ml 0.2M  
phosphate buffer pH  7.24. To this was added a solution o f 10.5mg
(phenylm ethyl)sul phony I fluoride (PM SF) in 0.25ml ElOH during a 
period  of several m inu tes. T h is  was s tirred  at the same
tem perature for a further tw o hours, then lyophilised overnight. 
The resultant powder was ground up and stored at 4 °C .
Enzym atic transestérification  o f  i ro n t r ic a rb o n v l(2 .4 -h e x a d ie n - l-
oll acetate and 1-hcptanol in heptane.
Typical run : 95mg (3 .3 9 x 1 0 4  m oles) of irontricarbonyl acetate 58 
and 77m g (6 .6 2 .1 0 '4 m oles) 1-heptanol w ere stirred at room
tem perature in 2 ml heptane. To this was added lO pl 0.1M
phosphate buffer pH 8 , and lOOpl PLE im mobilised on sepharose. 
(or 50mg powdered lipase). T he reactions were followed by GLC. 
(GLC conditions: Column 3% SE  30; temperature programmed run; 
1 0 0 -2 0 0 °C , 12°C per minute, 1 minute initial temperature. R j  of 
acetate=499s, alcohol 59 438s, 1-heptanol 110s.)
A fter 40 hours, the heptane w as removed by high vaccuum rotary 
evapora tion  at 30 °C , and the  products w ere separated from
reactants by preparative TLC. (eluant 50% light petroleum , 50% 
E t2 Û) The bands were scraped o ff  and extracted by stirring with 
E t2 Û for 2 hours, to give 58m g starting acetate 58  (61.1% ) and 
13mg irontricarbonyl alcohol. 5 9  (16.1%) Heptyl acetate gave the 
follow ing spectra:
*H n m r: (220MHz, CDCI3 ) 0 .9(m , 3H, H-(C-7)); 1.32(m, 8 H, H-(C- 
3,4,5,6)); 1.64(m, 2H, H-(C-2)); 2.05(s, 3H, H-(C-2’)); 4.08(t, J i .2= 5 .9 , 
2H, H-(C-l)).
IR : (CHCI3 ) 3024cm -l(m); 2960cm* >(s); 2938cm->(s); 2860cm->(m); 
1730cm -!(s); 1470cm -!(m ); 1390cm -, (m); 1370cm -l(m ); 1250cm- 
*(s); 1040cm*, (m ).
M S (E I): m/2= i59[M H ]t; 116[C7H i5O H ]t; 98[CH 2=CHC5H i i ) t ;  83[98- 
CH 3Jt; 70[98-C2H4Jt; 61; 56[70-CH2]+; 43[98-C4H7]t(100% ).
2 -C arb oethoxv -1 .3 -bu tad iene  iro n lr ic a rb o n v l104 6  0 
80g (0 .305  m o les) o f re c ry s ta llise d  trip h en y lp h o sp h in e  was 
dissolved in 150ml dried, distilled benzene and to this was added 
w ith  s tir r in g  u n d er N 2 3 9 .6 m l (0 .3 0 5  m o le s )  e th y l-2 -
brom opropionate. This was stirred at 7 0°C  for 16 hours, after 
which it was cooled, forming a white precip itate . This was filtered 
off, and dried for 48 hours at high vaccuum . The precipitate was 
dissolved in one litre o f water, and w as again filtered. 2M NaOH 
was added to the filtrate, precipitating yellow  crystals which were 
filtered off and dried in a desiccator over P 2 O s .  The product was 
recrystallised from anhydrous ethyl acetate , to  give 65.131 g (60% 
yield) o f ylid.
70g (0.193 m oles) o f the phosphonium  y lid  was dissolved with 
heating and stirring under N2 in 225m l anhydrous THF to give a 
yellow  solution. To this was added dropw ise a solution o f  acetyl 
chloride (7ml, 0.1 moles) in 35ml anhydrous T H F  over a period of 
30 m inutes. The solution was refluxed under N 2 for four hours. 
A fter cooling to 0°C , the resulting brow n p recip itate  was filtered 
o ff and was rinsed w ell with anhydrous E t2 0 .  The solvent was 
rem oved via fractional distilla tion . (4 2 -6 7 °C ) T he brown residue 
was again shaken w ith 130ml anhydrous, ice-co ld  light petroleum 
and w as filte red . The solvents w ere  rem oved  by fractional 
d is t i l la t io n .  (4 0 -6 0 °C )  The p roduct a lién é  was purified  via 
K u ge lroh r d is ti lla tio n  (70°C , 40m m  Hg) to  give a clear and 
colourless liquid weighing 7.606g. (60.3%  yield.)
7.606g (0.0603 m oles) o f allene was stirred under N 2  in 500ml of 
anhydrous benzene, and was heated  to bo iling . T o  th is was 
cautiously  added 30.708g (1.4M  equivalents) F e 2 ( C O ) 9  and the 
m ix tu re  w as k ep t b o ilin g  fo r 10 m inu tes. 4 9 m l (6 .57M  
equivalents) BF3E t2 0  was added dropwise, and the  w hole mixture 
w as refluxed  for four hours. A fter cooling, th e  so lven t was 
rem oved v ia  d istilla tion  (16°C , w ater pump p re ssu re ) to  give a 
black oil. This oil was dissolved in a minimum of E t2 0  and passed 
through ~ 3H AlOx to give a red-orange liquid. T h is  was eluted 
dow n 500g flash s ilica  colum n (eluan t 5% E t2 0 ,  95% light 
pe tro leum ) to  g ive  5 .1g  (32%  y ie ld ) o f 2 -c a rb o e th o x y - l,3 -  
butadiene iron tricarbony l.
1H n m r: (400M Hz, CD CI3 ) 0.225(m , 1H, H-(C-1 e n d o ) ) \  0.4(dm , 
*4,3(trans)=9.S, 1H, H -(C-4end o )):  1.31(1, J2 \ r « 7 ,  3 H , H -(C-2 )); 
1.96(dm, * 4 .3 (c ij)= 6 -2 , 1H, H -(C-4exo)); 2.425(m, 1H . H -(C -lexo )); 
4.305(m, 2H, H-(C-l )); 6.25(t, J3 .4=8.4, 1H, H-(C-3)>.
IR : (CHCI3 ) 2060cm -l(s); 1990cm >(s); 1716cm «(m ).
M S(FA B ): "> /z=266[M ] + ; 238(M -C O ]+; 210 [M -(C O )2 ]+; 182[M- 
(CO)3J+(100%); 221[238-OH]+; 137(M-OC2H5)+.
methyl
ZiAlkoxty-1.3-butadiene__imutricarbonyl113 &2
1 .9 9 6 g  ( 7 .5 0 3 m m o le s )  2 - c a r b o e t h o x y - 1 , 3 - b u ta d i e n e
irontricarbonyl was dissolved in 4m l anhydrous E t2 0  and added 
dropwise with stirring to a solution o f 0.29g (7 .64m m oles) U A IH 4 
in anhydrous Et2 0  at -78°C. The reaction was stirred  under N2 fo r  
two hours. The reaction was quenched by the add ition  of 6 ml wet 
EtOAc, and brought to  room  tem perature. It w as  filte red , and 
extracted 3 x E t 2 0 , dried over anhydrous MgS0 4  and  the solvent 
rem oved by rotary evaporation. T he products w ere  separated by
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passage through 2 0 0 g flash silica chrom atography column (e lu an t: 
20% E t2 0 , 80% light petroleum) to give 1.273g (76%  yield) o f  the 
desired alcohol. (2 % aldehyde formed as a by-product.)
1H n m r: (200M Hz, CDCI3 ) 0.23(dd, J4 .4 =2 .5 , J4 .3 = 10 , 1H, H -(C - 
4 en d o ));  0.32(d, J i .i= 2 .5 , 1H, H-(C-1 endo ));  1.79(dd, J4 .4 = 2 . 5 , 
J4 .3= 1 0 , 1H, H -(C-4exo)); 1.9(m, 2H, H-(C-1 exo), H-(OH)); 4 .26 (dd , 
J2.2=15, J2.2=7 5, 1H, H -(C -l’)); 4.53(dd, J2.2=15, J2.2=10, 1H, H -(C - 
1*)); 5.55(t, J3 .4=10, 1H, H-(C-3)).
IR : (CHCI3 ) 3570cm -l(w ); 2 0 5 0 c m I(s); 1975cm »(s).
M S (F A B ): «n/z= 224[M ]+; 207[M -O H ]+; 1961M -CO]*; 179 [M - 
(CO+OH))+; 168[M-(CO)2J+; 151[M-((CO)2+OH)J+; 140[M-(CO)3]+.
2-Acciox^-1.3-buiadicnc irgntricarbom?! (LI
To lg  (4.46m m oles) 2-alkoxy"^ ,3*-butadiene iron tricarbonyl in 6 ml 
an h yd rous  E t2 0  a t 0°C  was added with stirring  a solution o f 
2.16ml (6 M equivalents) pyridine, 0.84ml (2M equivalents) AC2 O 
in 4mls dry Et2 0  at 0°C. This was stirred under N 2 at 0°C fo r 20 
hours. By TLC (eluant 20% E t2 0 , 80% light petroleum , R p  o f 
acetate=0.41) the reaction had reached com pletion after this tim e . 
The reaction  m ixture was basified  to pH 8-9  with sa tu ra ted  
N a H C 0 3 , and extracted 3 x E t2 0 . The combined ether layers w e re  
washed w ith 3 x 5 0 m ls  0.2M HC1, followed by lx 5 0 m l brine. T h e  
organic layers w ere dried over anhydrous M gS04 , filtered, and the 
solvent rem oved to  give 0.943g. (79.5%  yield) The product w as  
further purified by column chrom atography to g ive 0.905g y e llo w  
oil. (76%)
1H n m r: (200M H z, CDCI3 ) 0.20(dd, J4 ,4 =2 .5 , J4 .3 =9 , 1H, H -(C - 
A e n d o ))\ 0.29(d, J i , i= 2 .5 ,  1H, H-(C-1 endo )):  1.76(dd, J4 .4 = 2 . 5 , 
J4 ,3 - 6 .5 , 1H, H -(C-4exo)); 1.9(d, l i . i* 2 .5 , 1H, H-(C-1 exo)): 2 .1 2 (s ,
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3H, H-(C-3')); 4.80(q, J i j - 1 1 ,  2H, H -(C -l')); 5.47(t, J 3 .4 =7 .5 , 1H, H- 
(C-3)).
13C n m r: (100.62M Hz,CDC13) 20.8(C-3*); 38.8(C-1 or 4); 41.2(0-1 or 
4); 66.7(0-1*); 55 .7(0-3); 99.4(0-2); 170.5(0-2*); 21 0 .7 (0 0 ).
IR : (CH Br3) 2900cm  »(w); 2 0 5 0 cm » (s); 1 9 75cm -l(s); 1735cm-
'( m ) .
MS(FAB): m/z=266[MJ+; 238[M-CO)+; 210[M-(CO)2)+; 182[M-(CO)3]^; 
149[ 182-(CH3+H20 )J+.
UV: (CH3CN) Xmax 185nm; 285nm.
Enzym atic hydrolysis o f 2 -A cetoxvffi3-butadicnc irontricarbonvl. 
38mg ( 1 .4 3 x l0 -4  m oles) of irontricarbonyl com plex 61 was stirred 
in 20ml 0.2M phosphate buffer pH 7. To this w as added 20mg 
A sp erg illu s  n iger, and the reaction m ixture was stirred at room  
temperature for 20 hours. The reaction was basified to pH 12 with 
1M NaOH and extracted 3 x E t2 0 . The combined organic layers were 
dried over anhydrous M gS0 4 , and the solvent rem oved by rotary 
evaporation. A pipette column o f ~2g AlOx (grade 1, neutral, 
ac tivated) was used (eluant 80% light petro leum , 2 0  1 0 0 %
E t2 0 ) to separate the product alcohol 62 from the starting acetate. 
61.This gave 18.5mg (58% irontricarbonyl alcohol 62 and 16mg 
(42%) recovered acetate 61.
D io x a p h o s o h o la n e___ d e r iv a t iv e  o f  2 -A lk o x 'f f i^ - h u ta d ie n e
iro n tr ic a rb o n v l105
To a solution of 7.5m g (3 .3x  10*4 m oles) irontricarbonyl alcohol 6 2  
in freshly d istilled, anhydrous benzene (0.33m ls) w as added 69p l 
trie thy lam ine (1.5M  equ ivalen ts) and 4m g (0 .1M  equ ivalen ts) 
D M AP d issolved  in  200m l anhydrous benzene. 4 5 p l (1 .05M
16
e q u iv a le n t s )  o f  2 - c h l o r o -4 ( R ) ,5 ( R ) - d im e th y l- 2 - o x o - 1 ,3 ,2 -
dioxaphospholane was added, and the m ixture was shaken for 30 
seconds. It was left standing for several hours, then 31P nm r was 
run, showing tw o diastereom eric singlets.
3*P n m r: (161.9M Hz, d6 Benzene, proton decoupled) 8 = 1 4 .6 8 8 , 
14.678ppm. Ratio of peak intensities : 50.1:49.9
2 -( (S ) - ( -) -a - jn c th Y lb c n z v la m id o )-1 .3 -b u ta d ie n e  iro n  tr i c a rb o n  vl
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20m g (8 .4 0 4 x  1 0 ‘5 m o le s )  o f  2 - c a r b o x y - 1 ,3 - b u ta d ie n e  
irontricarbonyl w as stirred in 0.75m l anhydrous CDCI3 under N 2 . 
To th is was added 14.3mg (1.05M  equ ivalen ts) o f ca rbony ld i- 
im idazole, and the m ixture was stirred under N2 for one hour at 
room tem perature. By 1H nm r spectroscopy this stage o f the 
synthesis had reached com pletion after this time. 11.4pl (1.05M  
equivalents) of S -(-)-a-m ethy lbenzy lam ine  w ere added, and the 
reaction was stirred  under N 2 at room  tem perature overn igh t. 
W o rk -u p : Excess amine was rem oved by extracting 3 tim es with 
0.1M  HC1 pH 2. The organic phase was d ried  over anhydrous 
M g S 0 4 , filtered, and the solvent rem oved by rotary evaporation. 
*H nmr showed four peaks with equal in tensity  due to the  two 
diastereom eric CH ^ doublets at 5= 1 .6ppm .
*H nm r: (220M Hz, CDCI3) 0.01(m, H, H-(C -\en d o ))\ 0.37(m, 1H, H- 
( C -A endo))', 1.60(dd. 6 H. H -(CU 3 )); 2 .05(m , 2H . H -(C -l,4 * x o )); 
5.32(m, 1H, H -(C-2’)); 6.30(m. 2H, H-(C-3. N H J); 7 .4 l(m , 5H , H- 
(a rom atic )).
I3C n m r: (100.62M Hz, CDCI3 ) 21.1(C-3’); 36.64(C-1); 41.10(C-4); 
4 9 .3 9 (C -2 ‘); 8 7 .7 6 (C -3 ) ; 1 2 6 -1 2 9 (a ro m a tic ) :  1 4 2 .7 2 (C -2 );
1 6 7 .4 5 (0 1 ’); 210(CO).
IR :  (CH CI3 ) 3450cm -1(m ): 1997cm »($); 2 0 7 0 cm > (s); 1670cm 
i(s);1515cm -> (s).
U V : (McOH) Xmax= 210nm; 300nm.
M S(EI): ">/z= 342[M H)t; 285[M -(CO)2]t; 257[M-(CO)3] t .
A n a l. Calcd. for C i6H i5F e N 0 4: C. 56.33; H, 4.43; N, 4.11; Fc, 16.37. 
Found: C, 56.13; H, 4.66; N, 4.14; Fc, 16.58.
Enzymatic___h.ydrplyais____a i____2 - c a r b o e th o x v - l  . 3 -b u ta d ie n e
irgnulcarbgnyl.
50m g (1 .8 8 x  10 -4 m oles) iron tricarbony l es te r  6 0  was stirred 
rap id ly  in a total o f 20ml o f a 20% MeOH solu tion  in 0.2M  
phosphate buffer pH 7. To this was added 40pl PLE. The reaction 
w as stirred at room tem perature, and followed by TLC. (eluant: 
20%  E t2 0 , 80% light petroleum ) A fter 21 hours, the reaction was 
w orked up v ia  basify ing  the reac tion  m ixture to  pH  10-11 
follow ed by Et2 0  extraction, then acidification follow ed by Et2 0  
extraction. The separate organic layers were dried over anhydrous 
M g S 0 4 and the solvents rem oved after filtra tio n  by rotary 
evapora tion . This gave 14mg (32% ) o f 2 -carboxy -l,3 -bu tad iene  
iron tricarbony l. (m p 129-130°C , 85% e.e. by am ide 65 form ation 
o f  the product alcohol followed by nm r spectroscopy .) One 
recrysta llisa tion  from light petroleum  and Et2 0  gave the acid in 
100% e.e. ([<x ]d = -10.7°, c =0.5, CHCI3 ) The am ide formed had a 
rotation of la]D = -188°, c = l, CHCI3 for optical purity. (mp=121°C)
2-CarbQAV-U_-Jmtadiene iro n tr ic irb o n v l* »3 64 (racem icl 
2g o f  irontricarbonyl ester 60  (0.0075 m oles) w as d issolved in 
30ml freshly distilled EtOH and was added with stirring at room 
tem pera tu re  to  a so lu tion  o f  0 .473g  (0.011 m o les, 1.5M
equivalents) L i0 H .H 2 0  in 60ml EtOH and 30m l H2 O. It was stirred 
under N2 in the dark for four hours. The reaction was followed by 
TLC, and had reached com pletion after th is  time. The reaction 
m ixture was extracted  w ith E t2 0 , the rem aining  aqueous phase 
was acidified, and extracted again with Et2 0 . The second organic 
phase was dried over anhydrous M gS0 4 , filtered , and the solvent 
rem oved by ro ta ry  evaporation. This gave 1.689g (95% ) yield of 
pure 2 -c a rb o x y -l, 3 -bu tad iene  iron tricarbony l.
*H n m r: (400M H z, CD CI3 ) 0.275(d, J i j - 2 . 6 .  1H, H-(C-1 e n d o )) \
0.499(dd, J4 ,4 =2 .4 , J4 .3= 1 0 , 1H, H -(C -4endo))‘, 2.026(dd, J4 >4 = 2 .4 , 
J 4 .3 - 7 .2 , 1H, H -(C -4ex o ));  2 .417(m , 1H, H -(C -le x o )) ; 6.307(1, 
J 3 ,4=8.4, 1H. H-(C-3)).
IR : (CHCI3 ) 2060cm -l(s); 1995cm-»(s); 1700cm -l(w ). 
m p  144°C
U V : (CH3CN) Xmax= 295nm; 210nm; 200nm.
M S(FA B, nba): ">/z= 307[M +69]+; 239(MH]+; 210[M -CO)+; 182[M- 
(CO)2 j+; 154[M-(CO)3)+; 136(M-((CO)3+H20]+.
A n a l. Calcd. for C 8 H 6F e 0 5 : C, 40.38; H, 2.54; Fe, 23.47. Found: C, 
40.41; H, 2.70; Fe, 23.47.
S ep ara tio n — Of__ Ihs__ d i a s t e r e o is o m e rs  o f  2 - ( ( S W - ) - a -
m c thv lbcnzv lam ido )-1 .3 -bu tad iene  iro n trica rb o n v l 6  5 
5g o f amide 65 w ere eluted through 200g flash silica column with 
95% toluene and 5% Et2 0 . The faster running  diastereom er (with 
TLC, eluant as above, the faster running spot had R p=0.32, the 
slow er running spot Rf =0.25) was recrystallised three times from 
light petroleum  and Et2<3 to constant rotation [o t ]D  = + 4 2 .5 ° , c = l, 
CH CI3 ; mp=l 15-116°C. (Yellow, needle-like crystals.)
The slow er running  d iastereoisom er was recrystallised tw ice from 
C H C I3 and E t2 0  to give a maximum rotation o f [ a ] D = - 1 8 8 ° ,  c = l, 
CH CI3 . M p=121°C. (Yellow, round crystals.)
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X-Rav structure analysis of (+1-65
C ry sta l d a ta : m onoc lin ic , space  g roup  P 2 j ; a= 1 1 .4 7 9 (4 ); 
b= 18.413(7); c=16.645(4) A, 0=106.18(2)® , U=3379(2)A, 2 = 8  (four 
independent m olecules in the asym m etric unit)
R=0.073 for 2606 unique observed [I/a(I)> = 2.0] reflections. 
Principal d im ensions (averages):
Fe-C(CO) 1.78(1); Fe-C(4) 2 .13(1); Fe-C(3) 2.07(1); Fe-C(2) 2.05(1); 
F e -C (l)  2 .09(1); C(4)-C(3) 1 .39(2); C (3)-C (2) 1.40(2); C (2 )-C (l)  
1.41(2); C(2)-C(5) 1.46(2) A.
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Chapter 4
Ferrocene l.T -d icarboxvIicacid  dimethyl es te r 6  6  
4g (0.0146 m oles) o f l.l '-ferrocened icarboxy lic  acid was added al 
0 °C  to  a mixture of 50ml MeOH and 6.25ml (0.0876 m oles) acetyl 
ch lo rid e . The reaction  m ix tu re  was b rought to  60 -65°C  w i th  
co n tinuous stirrin g , and w as stirred o v e rn ig h t. T he reaction  
m ixture was cooled, filtered , and the so lvent rem oved by rotary 
e v a p o ra t io n .  T he c o m p o u n d  w as p u r if i e d  by co lu m n  
chrom atography (eluant 30% EtOAc, 70% light petroleum ) to give 
3.87g (8 8 % yield) o f pure dim ethyl ester. 6 6  It was recrystallised 
from  light petroleum /EtO H .
m p  114-115°C (with sublim ation at 109°C; li t . 112 mp 114-5°C)
*H n m r: (200MHz, CDCI3) 3.82(s, 6 H, H-(CH3)); 4.42(m, 4H, H-(C- 
2 ,2 \5 ,5 ')); 4.83(m, 4H, H-(C-3,3\4,4*)).
IR : (CH Br3) 1723cm*'(s); 1710cm-I(s); 1468cm - , (s); 1430cm-1(m ); 
1 3 7 0 c m - , (m ); 1280cm**(s); 1027cm- , (m ); 9 70cm - , (m ); 898cm - 
*(m); 836cm - , (m); 825cm -1(m ); 774cm- ,(m ).
Enzymatic hydrolysis of 66
50m g o f  l,l '- fe r ro c e n e d ic a rb o x y lic  ac id  d im eth y l es te r  was 
d issolved in a total o f 20ml 0.2M  phosphate buffer, pH7 containing 
10% M eOH. To this was added 40pl PLE. T he orange suspension 
was stirred  at room tem perature for one m onth. A fter this tim e, 
the reaction m ixture was acidified, and extracted  4 x E t 2 0 . It was 
d ried  over anhydrous M gS0 4 , filtered, and solvent rem oved to 
give 47m g combined products. TLC (eluant: 50% EtOAc, 50% light 
petroleum ) showed spots at Rp=0.51, (starting  diester) 0 .15, 0.08, 
0.02.
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g-M ethvlferrocenecarboxvIic  acid 4 4 »0 6 .« 0 7
1. 0.5g (2.69x 10-3 m oles) o f ferrocene was added to a vigorously
s tirred  so lu tion  o f  0 .6 2 m l (4 .5 4 x 1  0 *2 3 m oles) N ,N ,N ’,N ',
te tram ethy lened iam ine , 0 .275m l p hospho ric  acid and 4 .296m l 
acetic acid. The m ixture was stirred under N 2 and heated to 90°C . 
It was kept at this tem perature for a further five hours then 
cooled to room tem peratu re , diluted w ith H 2 O and ex trac ted  
4 x E t 2 0 . The aqueous phase was cooled to 0°C  fo llow ed  by 
basification with 2.66g NaOH pellets. The resulting so lu tion  was 
extracted  4 x E t 2 0 , and  the organic phase dried over anhydrous 
N a S (> 4 . This was filte red , and the so lvent rem oved by rotary 
evapo ra tion  to  g ive  0 .5 8 5 g  (89 .5% ) y ie ld  o f p u re  N ,N - 
d im e th y la m in o m e th y lfe rro c e n e .
'H  nm r: (220MHz. CDC13) 2.21(s, 6 H. H -(Q b )) ;  3 .33 (5. 2H. H-(CH2 )); 
4.17(m, 9H, H-(aromatic)).
2. 36.77g (0.151 m o le s) o f  N ,N -d im ethy lam inom ethy lferrocene
was dissolved in 150ml freshly distilled anhydrous Et2 0 . This was 
cooled to 0°C , and over a period of one hour, 217ml o f 1.8M BuLi 
(0.39 m oles) was added dropw ise with stirring . The reaction  was 
allowed to warm to room  temperature, and was stiirred under N2 
for a further four hours. This was cooled to -100°C and added with 
stirring to a mixture o f  92g dry ice in 460ml anhydrous Et2 0 . This 
was stirred at this tem perature for 45 m inutes, then was allow ed 
to  warm to room tem peratu re  overnight. The resu lting  yellow  
solid was filtered off, and washed tw ice with light petroleum . The 
yellow solid o f lithium salts was dried under high v a c u u m  for 24 
hours. This gave 52.33 lg  (lit. 50.56g) of a mixture o f lithium salts.
3. 40g of the lithium salts were d isso lved  in one litre o f freshly 
distilled anhydrous MeOH under N 2 . To this was added 8 g NaOH 
pellets, followed by the dropwise addition  o f 48ml (0.307 m oles) 
dim ethyisulphate. The yellow /brow n solution was stirred at room 
tem perature under N 2 for three hours. The solvent was rem oved 
by rotary evaporation, and the residua l brown gum was dissolved 
in 300m l distilled H2 O and cooled to  0°C . To this was added in 
portions with swirling and cooling, 1175g (lit. 2552g) o f a 6.7% 
Na/Hg amalgam. This was decanted, the residual Hg w ashed well 
with H2 O and Et2 0 , and the com bined aqueous phase extracted 
4 x E t 2 0 . The aqueous phase was ac id ified  (w ith coo ling) with 
H 3PO 4 , followed by 4 x E t2 0  extraction. The organic phase was dried 
over M gS0 4 , filtered, and solvent rem oved by rotary evaporation. 
This gave 12.3g (36.8%) o f a -m ethy lfe rrocenecarboxy lic  ac id  44 , 
which was further purified by flash chrom atography, (eluant: 93% 
light petroleum, 3% EtOH)
*H nmr: (220M Hz, CDCI3 ) 2.34(s, 3H , H-(C-6 )); 4.23(s, 5H, H-(C- 
r,2 ,,3,,4,,5')); 4.35(m , 1H, H-(C-3)); 4 .43(m , 1H, H-(C-4)); 4.85(m , 
1H, H-(C-5)).
I R :  (CH CI3 ) 3160-2840cm *1(m ); 2640cm *, (w ); 168 0 cm * l(s);
1475cm -, (m ); 1458cm* >(m); 1445cm*, (m ); 1300cm* ^ m ) ; 1228cm* 
l(m ); 1 1 0 0 cm*l(m); 1 0 1 0 cm*«(m).
MS(FAB): m/z= 244[M]+; 227[M-OH}+; 185[CioH9Fe]+. 
m p 149°C.
Anal. Calcd. for C i2H i2Fe0 2: C, 59.053; H, 4.955; Fe, 22.881. Found. 
C, 57.89; H, 4.97; Fe, 23.36.
q-M cthvlferrocenecarboxvlic acid m ethv l ester>07.67
lg  (0.024 m oles) of diazom ethane dissolved in 80m l Et2 0  was 
added with swirling to  a solution of 0 .187g (0 .766  m m oles) a -  
m ethylferrocenecarboxylic acid in 2 0 ml d is tilled  E t2 0  at room 
tem perature. A fter standing for 15 m inutes, th e  so lu tion  was 
w ashed w ith acetic acid, dried over MgSC>4 , f ilte red  and the 
so lvent rem oved by ro tary  evaporation. This w as purified  by 
column chrom atography (eluant: 80% light petroleum , 20%  EtOAc) 
to give 0.155g (78.4%) yield of pure 67 .
*H n m r: (220M Hz, CDCI3 ) 2.30(s, 3H, H-(C-6 )); 3 .86(s, 3H, H- 
(O C H 3 )); 4 .18(s, 5H, H -(C -1 ,#2,,3 ',4 ,,5*)); 4.29(m , 1H, H -(C-3)); 
4.37(m, 1H, H-(C-4)); 4.76(m, 1H, H-(C-5)).
IR : (CHCI3 ) 2960cm *l(w ); 1710cm* •(*); 1446cm*>(m); 1420cm* 
! (w ); lS S O cm -^w ); ^ S c m U m ) ;  1165cm *!(w); llO O cm -l(m ); 
1040cm *l(w ); 1006cm *l(w).
MS(FAB): «"/z= 258[M]+; 227[M -OCH3]*; 213(227-CH 2)+; 185(231-
cop.
A nal. Calcd. for C i3H i4 Fe0 2: C, 60.497; H, 5.467; Fe, 21.638. Found: 
C, 60.79; H, 5.73; nFe, 21.41.
q-M elhvIferrocenem ethvl alcohol »O'7 6 8
4g (0.0155 moles) a-m ethy lferrocenecarboxy lic  ac id  m ethy l ester 
d issolved in 35ml freshly  d istilled  anhydrous E t2 0  w as added 
dropwise over a period of 30 minutes to a slurry o f  0 .6 17g (0.017 
m oles) LiAlH4 in 70ml anhydrous Et2 0 . The reaction was followed 
by TLC, and virtually immediately had gone to com pletion, (eluant: 
10% Et2 0 , 90% CCU, Rf  (cster)=0.41, (alcohol)=0.04) The reaction 
was quenched by the cautious addition of EtOAc, follow ed by H2O , 
then filtered. The solvent was removed by rotary evaporation. The
product w as purified by column chrom atography (ISOg, eluant as 
above) in quantita tive yield.
1H nm r: (220M Hz, CDCI3 ) 1.38(t, J=4.9, 1H, H-(OH)); 2.01(s, 3H, H- 
(C-6 )); 4.16(in, 8 H, H - iC - S ^ . l ’» ^ ^ ’. ^ ) ;  4.43(m, 2H, H -fC lb )). 
IR : (C H C I3 ) 3620cm -!(w ); 3440cm -I(w ); 2930cm -, (w ); 1440cm- 
J(w); lS S S cm -^w ); lllO cm -^ w ); 1 0 40cn rI(m); lOOOcm-'im). 
M S(F A B , nba): «"/z= 365[M -(O H + nba]+ ; 213[M -O H ]+( 1 0 0 % ); 
121[C5H5Fe]+; 91[C7H7]+; 69{C5H9]+; 5 5 [C4H7)+.
A nal. Calcd. for C i2H i4FeO: C, 62.64; H, 6.133; Fe, 24.272. Found: C, 
63.11; H, 6.35; Fe, 25.4.
g-Mcthylfcrrgccncmcihyl acctatc.7Q
0.600g (2 .6 0 8  mm oles) a -m e th y lfe rro c e n e m e th y l a lch o l w as 
dissolved in 20ml freshly distilled anhydrous Et20  and was cooled 
to 0°C. T o  this was added a solution o f 2.53ml (12M  eqivalents) 
pyridine, 2m g DMAP, and 0.984ml (4M equivalents) A c20  in 5ml 
anhydrous E t2 0 .  This was stirred under N2 at 0°C  for 15 minutes, 
then the reaction  was allowed to warm to room tem perature and 
was stirred under N2 overnight. The reaction was worked up by 
the addition o f saturated NaHC0 3  followed by 3 x E t20  extraction. 
The com bined ether layers were washed 3x0.1M  HC1, dried over 
anhydrous M g S 0 4, filtered, and the solvent rem oved by rotary 
evaporation. The product was purified by column chrom atography 
(eluant: 20%  Et2 O t 80% light petroleum ) to  give 0.449g (66.2%) 
yield of a -m ethy lfe rrocenem ethy l ace ta te .
•H nm r: <220MHz. CDCI3 ) 2.039(s. 3H. H-(C-6 )); 2.05(», 3H, H- 
(C U 3 )); 4 .13(m , 6 H. H -(C -r,2 '.3 ',4 \5 ',3 )); 4.20(m, 1H, H -(C-4)); 
4.25(m, 1H, H-(C-5)); 5.02(q, J - 11.76. 2H, H -(C Ib)).
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Enzym e catalysed transesterification  of g -m e th v lfe r ro c e n e m e th v l
acetate with 1-heptanol
3-6mg a-m ethy lferrocenem ethy l acetate was d issolved in 1ml Na 
d is tilled  iso -octane and  3 p l 1-heptanol w as added. To each 
reaction was added ~10m g o f lipase (or 20pl PLE im m obilised on 
sepharose) and the reac tio n s  were stirred at room  tem perature. 
The reactions were follow ed by GLC. (GLC conditions: Column 3% 
SE 30, in jec to r and  d e tec to r tem peratu res 2 5 0 °C , co lu m n  
tem perature 100°C, tem peratu re controlled run, 100-250°C, 16°C 
per m inute, one m inu te  in itia l tem perature, 1-3 m inutes final 
tem perature. R j  of heptanol=132s, heptyl acetate=218s)
Heptyl acetate.
500m g (4.302m m oles) 1-heptanol were dissolved in 50ml freshly 
d istilled, anhydrous E t2 0 , and was cooled to 0°C . To this was added 
0.8ml (2M  equivalents) AC2 O, 2.1ml (0.026 moles, 6 M equivalents) 
pyrid ine and one sm all c ry sta l o f DMAP d isso lved  in 10ml 
anhydrous E t2<3 . The m ixture was stirred under N2 , and brought to 
room  tem perature. A fte r  48 hours, the reac tion  had reached 
com pletion by TLC. (e luan t: 50% Et2 0 , 50% light petroleum , Rf  
(heptanol)=0.28, (heptyl acetate)=0.59) The Et2 0  was rem oved by 
rotary evaporation, and the  whole residue was separated by flash 
chrom atography (eluant: 80% light petroleum , 2 0 % E t2 0 ) to  give 
0 .6 19g (91% yield) o f pure  heptyl acetate.
>H nm r: (220MHz, CD CI3 ) 0.90(in. 3H, H-(C-7)); 1.32(m, 8 H, H-(C- 
3,4,5,6)); 1.64(m. 2H. H -(C-2)); 2.05(s, 3H. H-(C-2')); 4.08(t, J i . 2 = 5 .9 ,  
2H. H -(C-l)).
IR : (CHCI3 ) 2960cnv>(s); 2938cm *1(s); 2860cm*>(m); 1730cm*>(s); 
14 7 0 cm * , (m ); 1390cm*1(m); 1370cm *, (m); ^ S O cm -^ s) ; 1040cm* 
*(m ).
M S(E I): m/z= 159[M H]t; 116[C7H i 5O H Jt; 98[C7H i4] t ;  83[98-CH3] t ;  
70[98-C 2H4Jt; 56[70-CH2] t.
g -M ethv lferrocencm cthv l bu tv ra te__H
A solu tion  of 3.49m l (6 M e q u iv a len ts )  pyridine, 10mg (0.01M  
equivalents) DMAP, 2.36ml (2M  equivalents) butyric anhydride in 
4m l fresh ly  d is tille d  anhydrous E t2 0  was added to a stirred 
so lu tio n  at 0 ° C  under N2 o f  1 .656g (7 .1 9 9 m m o le s )  a -
m e thy lfe rrocenem ethy l alcohol in  10ml anhydrous E t2 0 .  The 
reaction was followed by TLC, (e luan t: 98% CH2 C12, 2% Et2 0 ,  Rp 
(alcohol)=0.19, (butyrate)= 0 .6 8 ) and  after two hours, had reached 
com pletion . The reaction  m ix tu re  w as d ilu ted  with E t20  and 
w ashed with 4x50m l 0.5M HC1 fo llow ed  by 3x50m ls 1M NaHCC>3 . 
The organic phase was dried ov er anhydrous M gS04, filtered, and 
so lvent removed by rotary evapora tion . The butyrate was distilled 
(0.2m m  Hg, 135-140°C) to give the product 71 in 70% yield.
*H n m r: (220MHz, CDCI3 ) 0.93(t, J i  i,io=6.9 , 3H, H -(C -ll)) ; 1.65(m, 
2H, H-(C-10)); 2.01(s, 3H, H-(C-6 )); 2 .28(t, J9.10=7.38, 2H, H-(C-9)); 
4.1 l(m , 6 H, H -(C-1,,2,3 .3 ,,4,^ ,)); 4 .16(m , 1H, H-(C-4)); 4.22(m , 1H, 
H -(C-5)); 5.01(q, J7.7= l 1.8, 2H, H -(C -7)).
IR : (CHCI3 ) 3100cm*l(w); 2970cm *1(s); 2880cm*l(w); 1728cm *l(s); 
M b O c n H im ); 1375cm*, (m); 1260cm -i(m ); 1180cm*l(s); 1110cm* 
>(m); 1040cm*l(m); 1005cm*l(m); 960cm *,(m); SSO cm -^m ).
U V : (CH 3CN) A.max 436nm; 325nm ; 252nm; 206nm.
M S(FAB gly, EtOH): ™/z= 300|M ]+; 231[M -C4H7O 2m i0 0 % ); 235[M- 
C5H5]+; 1 21 [C3H3FeJ+; 91(C7H7]+; 77IC 6 H5)+; 56[Fe]+-
A n a l. Calcd. for C 16H 20FCO2 : C, 64.02; H, 6.716; Fe, 18.605. Found:
C. 64.72; H, 7.02; Fc, 21.4.
Hcpixl butyrate.
5 00m g  ( 4 .3 x lO * 3 m oles) 1-heptanol was d isso lv ed  in 10ml
anhydrous EI2 O , stirred under N2 and cooled to  0 °C . To this was 
added a solution o f 2.1ml pyridine (6 M equivalents), 1.4ml butyric 
anhydride (2M equivalents) and tw o small c ry s ta ls  o f DMAP in 
4m l anhydrous E t2 Û. The reaction was allowed to  warm to room 
tem perature, and was stirred under N2 for tw o hours. A fter this 
tim e, the reaction mixture was diluted with Et2 Ü , extracted with a 
total o f 100ml 0 .5M  HC1, followed by 4 x N a 2C Û 3 ex traction , and was 
d ried  over anhydrous MgSC>4 . The solution w as filtered and the 
solvent rem oved by rotary evaporation. The p roduct was purified 
by K ugelrohr d istilla tion  (50°C , 0.1m m  Hg) to  g ive  0.624g (78% 
yield) o f heptyl butyrate.
*H n m r: (220M Hz, CDCI3 ) 0.95(m, 6 H, H -(C-4\7)); 1.31(m. 8 H, H- 
(C-3,4,5,6)); 1.64(m, 4H, H-(C-3\2)); 2.28(t, J2 .3 -6 .1 2 , 2H, H-(C*2 ));
4.18(t, J i ,2=5.9, 2H , H-(C-l)).
IR : (CHCI3) 3030cm *l(m); 2970cm*»(s); 2940cm ->(s); 2880cm -l(m ); 
2870cm *l(m ); 1730cm -l(s); 1474cm*l(m); 1270cm *l(m ); 1190cm- >
(s); 1 1 0 0 cm -l(m ).
Preparation of activated M nO^lOP
A solution o f 10.43g (0.066 m oles) KMnÛ4 in  65 .2m l H2 O was 
heated w ith stirring  to 60°C . T o  th is was added sim ultaneously 
and over a period o f 40 minutes 12.7ml 10M N aO H  and a solution 
o f 12.065g MnSC>4 in 16.3ml H2 O. This was stirred fo r four hours, 
then allow ed to cool for one hour. The p rec ip ita ted  MnC>2 was
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reco v e red  v ia  c e n tr ifu g a tio n  (10 .000K , 10 m inu tes , ro o m
temperature) This was washed w ith H2 O by heating to boiling with 
stirring for five m inutes, then centrifuged again  w hilst s till hot. 
The M n0 2  was washed six tim es in this fashion, after w hich tim e 
The washings had pH 10 and w ere brown and clear. It w as dried 
overnight in an oven at 110°C, ground into a powder and stored  
above silica gel and P2 O 5 in a desiccator. This gave 7.9g ac tivated  
MnC>2 .
o t-M ethvlferrocene a ld eh y d e111 7 4
61.3m g (2 .6 6 4 x 1 0*4 moles) a -m ethy lfe rrocenem ethy l a lcoho l w as 
dissolved in Sml freshly distilled anhydrous CH2 C I2 and added to  a 
stirred suspension o f 0.301 g (13M  equivalents) activated MnC>2 
under N2 . By TLC (eluant: 90% CCI4 , 10% Et2 0  Rp (alcohol)= 0.07 , 
(aldehyde)=0.23) the reaction had reached 100% after one hour. 
The reaction m ixture was filtered  through hyflosupercel, and  the 
solvent rem oved by rotary evapora tion . The product was purified  
by column chrom atography (eluant: 95% CCI4 , 5% Et2 0 ) followed by 
Kugelrohr d istilla tion . (100°C, 0.2m m  Hg) This gave 50.4mg (83%  
yield) of pure a -m e th y lfe rro cen e  aldehyde.
1H n m r: (220M Hz, C D C Ij) 2.30(8. 3H. H-(C-6 )); 4.26(8, 5H, H -(C- 
1 \2 ,,3 ',4 ',J ')); 4.53(m , 1H. H -(C-3)); 4.56(m, 1H. H-(C-4)); 4 .76(m , 
1H. H-(C-S)).
IR : (CHCI3 ) 2850cm ->(w ); 16 7 8 cm ->(«): I4 7 0 cm -'(w ); 1437cm - 
’(m); 1284cm-*(w); I l l0 c m  >(w); 1040cm '(w ); lOOScm'Hw). 
M S(EI): m/z= 228[M ]f; 200[M -CO ]t; 1 2 1 |C 5 H jF e lt .
A nal. Calcd. for C |2 H i2 FeO: C. 63.197; H, 5.303; Fe. 24.487. Found: 
C, 63.64; H, 5.24; Fe. 23.2.
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Immobilisation of lipases on Biofix.
20mg o f lipase and 200mg Biofix (E l , RLO 3997) were placed in a 
5ml round bottomed flask. To this was added 1.5ml H2O, and the 
slurry was gently shaken until all was thoroughly  mixed. It was 
then put on a ro tary  evapora to r at room  tem perature, rotated 
very slowly an d the H2 O rem oved. ( 2 0  m inutes to  half an hour) 
The w hite solids were then stored in a desiccator above silica gel 
at 4°C  until used.
Enzymalic— uanscstcrificatipn__P i__a - me t h v l fe rrocene met hvl
butyrate.
~ 1 0 0 mg of the above ferrocene butyrate w as dissolved in  1 0 ml 
iso-octane (distilled from Na), and 56pl 1-heptanol was added. To 
each reaction flask was placed 40m g of lipase (or 40mg o f  lipase 
im m obilised on 400mg Biofix), the reactions w ere stirred a t 40°C , 
and followed by GLC. (GLC conditions: Column 3% SE 30; column 
tem perature 125°C; R r(hep tano l)= 6 6 s, R jih e p ty l butyrate)=261 s.) 
T he reactions were worked up by filtration o f  the enzym e, and 
so lv en t rem oved by ro ta ry  ev ap o ra tio n . T h e  crude reac tion  
m ixture was K ugelrohr d istilled  (0.1m m  H g, 35°C , 2 hours) to 
rem ove the residual heptanol and  heptyl bu ty ra te ; the residue 
was oxidised with activated MnC>2 , followed by deprotection with 
L iO H /H 2 0 . The mixture of aldehyde and alcohol were separated by 
colum n chrom atography (eluant: 98%  CH2CI2 , 2% Et2 0 ) The crude 
aldehyde was Kugelrohr distilled p rio r to analysis. (100°C, 0.2mm 
Hg)
Chemical hydrolysis of q-meihvlfcrroccnemcthvl__bmvratc.
30
50mg ( 1 .6 6 x l 0 *4  moles) o f the above butyrate d isso lved  in 1ml 
EtOH was added to a solution o f 30m g (4 .3M  equ ivalen ts) 
L i0 H /H 2 0  in 1ml EtOH amd 0.5ml H2O. This w as stirred together 
for two hours at room tem perature. A fter this tim e, the reaction 
had reached com pletion by TLC. (eluant 90% CCI4 , 10% Et2 0  
R F ( a l c o h o l ) = 0 . 13, R F ( b u t y r a t e ) = 0 . 5 8 ,  R p (b y -p ro d u c t , a -  
m ethy lfe rrocenem ethy l e ther= 0 .49 ) The reac tio n  m ix tu re  was 
extracted w ith  CH2 C I2 , dried over anhydrous M gS0 4 , filtered, and 
the solvent rem oved by rotary evaporation. The pure alcohol was 
purified by colum n chromatography (98% CH2C I2 , 2 % Et2 0 ) to give 
35mg (92% yie ld) o f pure alcohol. 6 8
Preparation gf 6,7% Na/H& amalgam110
80g of solid  N a was cut up and placed in a tw o  litre  round 
bottomed flask  equipped with a dropping funnel and an overhead 
stirrer. It w as flushed with N 2 . 1196g Hg w as p laced  in the 
dropping funnel. ~10m l o f Hg was run into the flask , generating 
great heat and  w hite fumes. The N a was m elted by heating the 
round bottom ed flask with two bunsen burners, then the rest of 
the Hg was qu ite  rapid ly  added. This gave a m olten , silvery 
amalgam w hich was immediately poured out onto a shallow  board. 
As it cooled, it was ham mered in to  small p ieces. These were 
further cru shed  w ith a m ortar and pestle , and  sealed  in a 
stoppered bottle. This gave 1175g o f amalgam. (92%  by weight.)
Appendix
B io fix .
Biofix, a kaoliniic o f chemical form ula A l2032S iC > 2-2H 20 (from E nglish China 
Clays) is  a specia lly  blended s lu rry  o f clay w hich has been fo rm ed  into 
hollow  m icrospheres. These m icro sp h e res  have been ca lcinated  and etched , 
giving rise to  hollow  m icro sp h e res  w ith po rous w alls m ade up  o f  an 
in terconnecting  netw ork o f  l i t t le  channels.
At present. B iofix is available in form s C l,  C2 and E l ,  each a porous support 
as defined above yet with d ifferen t cav ity  sizes and densities. B ioflx C l  and 
C2 have been  specially designed fo r whole cell im m obilisation, w h ilst Biofix 
E l has been designed for use in  enzym e im m obilisation. Thus B iofix E l  was 
used for the im mobilisation o f lip ases  used in th is thesis.
Biofix E l does not have an internal cavity  as do C l and C2. but consists o f  a 
m acro-porous ceram ic that is f re e  o f  substrate  d iffusion  lim ita tions. It is 
stable in the pH range 1-14, is therm ally  stable up to  1 ,000°C  and has a 
crush strength o f  >55MPa. The partic les  o f Biofix E l are o f  size 20-50pm , and 
have a mean pore size o f 0 .5pm . T he surface area is 5 .0m 2 g ' l ,  density  of 
l .O G L C m '1 and a percentage void volum e o f 50%.
The support can be activated w ith  2.5%  by w eight glutaraldehyde p e r g of 
support suspended  in phosphate bu ffe r, to  form  a covalen t bond to  the 
e n z y m e .
How ever, th ro u g h o u t the course  o f  th is  work th e  lip ases  w ere sim ply  
adsorbed o n to  the support by s lo w ly  rem oving the w ater from a slu rry  o f 
lipase and B iofix. The im m obilised enzym es were stored over a desiccant at 
4 °C  until used.
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